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Abstract
Electrical, forming and switching characteristics of metal-sem iconductor-m etal 
(MSM) mem ory switches of ion  bom barded hydrogenated amorphous silicon (a- 
Si:H) and its alloys are presented. MSM devices for m emory switching applications 
are know n to be characterised by instabilities as well as non-uniform ity and 
irreproducibility of the forming and switching characteristics. It is believed that 
the  presence of defect states in  the  sem iconductor layer plays a significant role in  
the  observation of m em ory switching in  these MSM devices. Gas-phase doping 
and current stressing of the sem iconductor are some of the techniques that have 
been used in  the past to introduce mid-gap defect states. In this work, we use for 
the first time, ion bom bardm ent as a novel tool for defect introduction into the 
semiconductor m aterial of the MSM devices and we compare the electrical, 
forming and switching characteristics of these devices to those fabricated using the 
previous techniques m entioned above.
A significant obsei-vation is tha t as the density of defects is increased in  the 
sem iconductor film w ith  increasing im plantation dose, conduction in  the  devices 
changes from barrier-controlled therm ionic emission to bulk controlled w here 
carriers hop through the  defect states in  a Poole-Frenkel m anner. This 
transform ation eliminates problems associated w ith  Schottky barriers such as 
quality of contacts, oxidation, etc. In  the  forming characteristics, no t only do we 
report enhanced uniform ity of the forming voltages (Vf) but also the m agnitude of 
Vf is observed to vary systematically w ith  the im plantation dose used. The ON 
states and switching characteristics in  the bombarded devices are also observed to 
be m uch m ore stable presumably as a result of the uniform ity of the defects 
introduced by ion bombardm ent. W e report also an enhanced switching ratio in  
the ion bombarded devices, especially after partial annealing of the bom bardm ent 
induced Si dangling bond defects.
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Chapter 1________________________Introduction
1 Introduction
This project is aimed at investigating electrical instabilities such as electronic 
switching and memory phenom ena in amorphous th in  films, particularly films made 
from hydrogenated amorphous silicon alloys. Simple metal-semiconductor-metal 
(MSM) devices containing these films can have unique characteristics, w hich are not 
found in  any other devices. Memory switching, for example, is a non-volatile 
programmable effect, w hich should have a lot of significant applications especially in 
large area electronics. Unfortunately, this switching effect has not been very 
reproducible in the past and it is difficult to control, making it much less attractive for 
systems applications. Recently, memory switching has been reported in  amorphous 
silicon carbide w ith some attractive features such as high switching ratio (ratio 
between OFF and ON states) and low voltage operation [Shannon 99]. This project 
follows up this work w ith the aim of making improved and more reproducible large 
area arrays of switching devices. In particular, ion bombardment is used to introduce 
a precise number of defects into the semiconductor. It is believed that control of the 
defects in the semiconductor should lead to control of its electrical characteristics.
Electronic switching, w hich can be threshold or memory switching, occurs w hen a 
solid-state device changes from a non-conducting OFF state to a highly conducting 
ON state by the application of an appropriate electric signal. Threshold and memory 
switching occurs in a wide range of amorphous materials ranging from chalcogenide 
glasses [Owen 73] to nickel oxides [Gibbons 64] and amorphous silicon [Hajto 94]. 
The devices can exhibit either digital (two-state) memory switching, or analog 
(continuum of stable states) switching. Quantised current steps in  structures w ith 
vanadium contacts have also been reported [Rose 89]. For switching to be obtained, a
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forming step is required to stress the devices well above the normal operating range 
and thus activate switching. It is believed that forming creates a local filament in the 
semiconductor material, made presumably by the incorporation of the constituents of 
the top metal contacts into a section of the semiconductor material during the 
forming step.
Memory switching has been observed in simple metal-semiconductor-metal (MSM) 
structures containing lightly doped amorphous silicon alloys such as a-SiNx:H and a- 
SiCx:H (see for example [Shannon 99]). The alloy used mainly in this report was 
silicon-rich silicon carbide, w hich was closer to amorphous silicon than to amorphous 
silicon carbide in terms of carbon content, indicative of a relatively smaller optical 
band gap. Silicon-rich silicon carbide is expected to exhibit larger switching ratios 
than, for example, amorphous silicon because the Schottky barrier heights are greater 
and the leakage currents are lower. The large barrier height should result in  a low off- 
current, w hich should in  tu rn  result in a larger switching ratio.
It has been proposed that defects present in amorphous materials help w ith 
observation of switching characteristics generally not observed in crystalline 
materials [Shannon 95]. The current transport prior to stressing in the MSM devices is 
controlled by the Schottky barriers on either side of the semiconductor film, 
specifically the reverse-biased junction. During current stressing, defects are 
generated throughout the bulk of the material, mainly due to the energy released by 
band-to-band electron-hole recombination [Shannon 98]. After sufficient stressing, 
the density of the induced defects increases to a point where a defect band is created 
in  the bulk of the semiconductor and conduction now occurs via this defect band. 
The J- V  characteristics become symmetric as conduction is now controlled by the
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bulk of the semiconductor and not by the contact barriers and is now due to Poole- 
Frenkel type conduction (conduction by hopping across defect states). The current 
therefore now increases w ith increasing defect density. These defects can however be 
annealed as discussed below and the devices returned to their low off-current state. 
This characteristic has been manipulated to give a switching ratio much higher than 
earlier observed and is discussed later.
In this work, we show first of all the defect-dependence of the switching mechanism, 
and how  the induced defects can be manipulated by annealing. Also, building upon 
previous work, we try  to understand the  dependence of switching on factors such as 
polarity and magnitude of stressing pulses, thickness of the semiconductor film, 
nature of top metal contact, and doping. Devices containing either a-Si:H or a-SiCx;H 
have also been compared. Both doping and ion bombardment have been used to 
introduce defects in  the a-SiCx:H devices whilst only ion bombardment has been used 
in the preparation of the a-Si:H devices.
It is expected that ion bombardment w ill offer an attractive alternative to doping for 
defect introduction into the amorphous silicon alloys w ith  promising benefits in 
relation to memory switching. Due to the many instabilities and irreproducibility 
observed in  these MSM devices, we hope to use ion bombardment in an attempt to 
improve the two and big emphasis is laid on the forming stage. This is because we 
believe that if we are able to control the forming of these devices in a uniform and 
reproducible manner, there is a higher chance of obtaining uniform and reproducible 
switching characteristics at later stages. However, switching experiments have been 
carried out on both the doped and ion bombarded devices after forming an the results 
compared and discussed.
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This thesis is divided into seven chapters starting in Chapter 2 w ith a literature 
review of the work done previously on switching characteristics of various device 
structures. Also included is a description of the conduction properties of 
hydrogenated amorphous silicon (a-Si:H), w hich is the material used in this work 
either in its basic form or alloyed w ith  carbon and nitrogen. There is also an 
examination of the behaviour of Metal-Semiconductor Junctions and Metal- 
Semiconductor-Metal (MSM) devices. Chapter 3 gives a description of the device 
preparation procedures and experimental set-up w ith  layouts of the measurement 
equipment illustrated. The electrical characteristics obtained from the MSM devices 
including their variation w ith  material properties, implantation dose, doping etc are 
given in  Chapter 4 followed in Chapters 5 and 6 by the results of their forming and 
switching characteristics respectively. Also discussed in the three results chapters are 
the dynamic characteristics of the devices during characterisation, forming and 
switching respectively. Finally, conclusions obtained from this work are made in 
Chapter 7 together w ith  suggestions of future trends in this area in Chapter 8.
Chapter 2 Literature R eview
2 Literature Review
2.1 Hydrogenated Amorphous Silicon (a-Si:H)
2.1.1 Basic Concepts of Amorphous Semiconductors
The disorder of the atomic structure is the main feature that distinguishes amorphous 
semiconductors from crystalline materials. Periodicity of the atomic structure is the 
central property in crystalline semiconductors whereas the absence of it determines the 
behaviour of the amorphous semiconductors. The covalent bonds in many amorphous 
semiconductors are generally much the same as in their crystalline counterparts.
O Q \
Co-ordination
° /  
/  ■
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Figure 2.1: Example of a continuous random network containing atoms of different 
bonding configurations.
This means therefore that amorphous materials are not completely disordered. Disorder 
in amorphous semiconductors is mainly represented by the atomic pair distribution 
function, which is the probability of finding an atom at distance R  from another atom. 
According to the continuous random network model introduced by Zacharisen 
[Zacharisen 32] amorphous materials have proved to have the same short-range order as
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their crystals but lack the long-range order. This has been used to describe glasses like 
silica. The random network has the property of incorporating atoms of different co­
ordinations (specific number of bonds to its intermediate neighbours) even in small 
concentrations. Figure 2.1 is a two-dimensional illustration of such a network, containing 
atoms of co-ordination 4, 3 and 1.
2.1.2 Bonding Structure for a-Si:H
2.1.2.1 Silicon Bonding Structure
The atomic structure of hydrogenated amorphous silicon (a-Si:H) has several features 
having different length scales. The shortest length is that of the atomic bonds and the 
structure is defined by the orientation of the bonds and the co-ordination of each atom to 
its nearest neighbours. The intermediate range order involves the topology of the 
network at the level of second, third and fourth nearest neighbours.
0.8
(5 0.4
Distance (Â)
Figiu'e 2.2; RDF of a-Si:H obtained ftom X-tay scattering. Inset is the atomic spacings 
corresponding to the RDF peaks (Schulke 1981).
Void structures with dimensions of 5-10Â in chemical vapour deposition (GVD) materials 
are in the next largest length scale. Finally there's growth morphology with feature sizes
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of 100Â and more. Figure 2.2 shows bonding structure results obtained (Schulke 1981) 
from the radial distribution function (RDF) using X-ray or neutron scattering. RDF is the 
average atomic density at a distance r  from any atom. The Si-Si bond length a given by 
the first peak in the RDF is equal to that of c-Si, 2.35Â. The width of the peak should give 
the extent of bond length distortions, but thermal vibrations could also contribute to the
measured width. The bond length distribution is evidently small but has not been
measured accurately from the RDF.
2.1.2.2 Hydrogen Bonding Structure
Unlike the silicon which forms a rigid atomic network containing a high strain energy, 
hydrogen is more weakly bound in a-Si:H and can easily diffuse within the material and 
across the surface. The stable bonding configurations in a-Si:H are the strongly bonded 
unstrained Si-Si bonds and the Si-H bonds. Highly strained Si-Si bonds have energies 
close enough to the chemical potential of the hydrogen that they are broken and either 
remain as Si-H or are reconstructed into stronger Si-Si bonds. The hydrogen in a-Si:H 
thus rids the material of its weak strained bonds, resulting in a more ordered network -  
thus affecting (improving) the electronic properties of the material. This however occurs 
only with sufficient hydrogen diffusion.
2.1.3 Defects in Amorphous Semiconductors
Defects within the band gap are of great interest in the electronic properties of a-Si:H 
because of their role as recombination centres and trapping sites for carriers. A real 
crystal contains defects such as vacancies, interstitials and dislocations. The continuous 
random network of amorphous materials may also contain defects but the definition of a 
defect has to be modified. In crystalline materials, any out-of-place atom is a defect -  the 
simplest of such being the vacancies and interstitials. Thus deviations from the normal 
structure of the crystalline lattice results in point defects, which result in many possible 
defect distribution profiles in the band gap. In amorphous materials however, there are
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lesser point defects as such because their density is so high that their energy levels are 
broadened out by the local order/disorder. They therefore act differently from those in 
crystalline materials and their distribution in the band gap is very important and is what 
makes amorphous materials very interesting. A schematic comparison of the general form 
of the defect state distribution in the band gap for crystalline and amorphous materials is 
given in Figure 2.3.
Conduction
Band
Extended
statesbO -Ec
Localised states
Point
Defects
Defect
States
Localised states
Valence
Band
Extended
states
Density of States (A(E)) 
Crystalline material
Density of States (A(E)) 
Amorphous material
Figure 2.3: Defect states in the band gaps of a) a crystalline and b) an amorphous 
semiconductor showing point defects in the crystalline material and defect bands and 
localised states in the amorphous material.
The defects in the crystalline material (a) are easily understood as these result from point 
defects such as vacancies and interstitials as mentioned above. However, when it comes 
to the continuous random network of amorphous materials, the only specific structural 
feature is the co-ordination of an atom to its neighbours and not its position in the lattice 
as in the crystalline lattice. Thus, the elementary defect of an amorphous semiconductor 
is the co-ordination defect. Using a-Si:H with an ideal coordination number of 4 for 
example, the following bonds, which result in coordination defects can be defined. First, 
dangling bonds for an under-coordinated Si atom e.g., with coordination number 3 and 
thus coordination deficiency (Az) o f-1 , floating bonds for over-coordinated Si atoms e.g. 
of coordination 5 and thus Az of +1, weak Si-Si bonds and hydrogenated voids with a Az
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of 0. Divacancies where two broken Si bonds are adjacent to each other also exist. These 
have a Az of -2  and bond together to form stronger Si-Si bonds and are therefore stable 
defects. Figure 2.4 shows a schematic illustration of these defects according to their 
coordination deficiencies Az, i.e., their departure from the four-fold ideal coordination of 
silicon. 1 fAz = -2 # - # ...................................... Divacancyr
Az = -1 # - 2  Dangling bond
Az = 0 # - # -------- # - #  Weak bond•H-
-aAz = +1 Floating bond
Figure 2.4: Possible coordination defects in a-Si:H according to their coordination 
deficiencies Az.
Both the divacancy and the weak bond have even values of Az. In this regard, both of 
them have paired electrons in their neutral states and p-type or n-type doping results in 
two different paramagnetic states. The two other defect modes i.e., the dangling bond and 
the floating bond have odd values of Az which means that they possess an unpaired spin 
in the neutral state. These can be related to the vacancy and interstitial defects in 
crystalline silicon respectively, while the divacancy and the weak Si-Si bonds or 
hydrogenated voids can be related to dislocations and voids in the crystalline lattice. It is 
believed that bond disorders and distortions contribute to the band tail states while the 
dangling bonds and floating bonds contribute to the band gap states. A simplified
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summary of the electronic states arising from different material properties is given in 
Table 2.1.
STRUCTURE ELECTRONIC PROPERTIES
Bonding disorder Band tails, localisation, scattering
Structural defects —> Electronic states in the band gap
Alternative bonding -> Electronically induced metastable states
configurations
Table 2.1; Relationship between the structural and the corresponding electronic 
properties in an amorphous semiconductor.
2.1.4 Bands, Band Tails and Defect States
Preservation of the short-range order results in a similar overall electronic structure of an 
amorphous material compared to the equivalent crystal. However, the long-range 
structural disorder causes deviations (from the crystalline state) of the bond lengths and 
bond angles in the amorphous materials. The abrupt band edges of a crystal are hence 
replaced by a broadened tail of states (referred to as band tails) extending from the 
valence and conduction bands into the forbidden gap (Figure 2.5). Electronic states deep 
within the band gap arise from departures from the ideal random network of the 
material. These states are referred to as defect states as they arise mainly from the 
presence of defects such as co-ordination defects.
These defects determine many important electronic properties of the materials e.g., by 
controlling trapping and recombination. The electronic structure of an amorphous 
semiconductor therefore comprises the bands, the band tails and the defect states in the 
gap, as is illustrated in Figure 2.5. The correlation between the structural properties and 
electronic properties in amorphous silicon and other amorphous materials is as 
summarised in Table 2.1.
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I Defects
states Conduction
bandValence
band
Energy
Fig. 2.5: Density of states distribution for an amorphous semiconductor showing the 
bands, band tails and band gap defect states. The dashed curves are the equivalent 
density of states trends in a crystal.
2.1.5 Localisation
The crystalline lattice is described by an array of identical atomic potential wells and the 
corresponding band of electronic states is broadened to a band of electronic states of 
width B by the interaction between atoms. The disordered state of a-Si:H is represented 
by the same array of sites but with an added random potential of average amplitude Vo as 
proposed by Anderson [Anderson 1958] and is illustrated in Figure 2.6. Anderson showed 
that when Vo/B exceeds a critical value, there is no probability of any electron diffusing 
away and all the electron states of the material become localised, hence no conduction at 
zero temperature. The critical value of Vo/B for complete localisation is about 3. Since the 
band widths are of the order of 5eV, a very large disorder potential would be required to 
localise all the electronic states.
Amorphous semiconductors have a smaller disorder potential because the short-range 
order restricts the distortions of the bands. However, even when the disorder of an 
amorphous semiconductor is insufficient to meet the Anderson criterion, some of the 
states are localised and they lie at the band edges -  band tails. Mott [Mott 79] showed that 
under these circumstances, the states at the edges of the band remain extended, while 
those at the band tails are localised.
11
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(a)
E
-------------------H
____
N{E)
(b)
El /
N(E)
Figure 2,6: Anderson model of the potential wells for (a) a crystalline lattice -  with 
resulting hand of width B, and (b) an amorphous network - with resulting disorder 
potential Vo.
He introduced the concept of a mobility edge separating the two states and where 
conductivity changes considerably. States below the mobility edge are non-conductive at 
zero temperature and only electrons with energy above Lc are mobile and contribute to 
the conduction process hence the name mobility edge.
Mobility
edge
I‘o Band tail ^
Extended
statesc
Localised
states
Energy
Figure 2.7: Density of state distribution near the band edge of an amorphous 
semiconductor; showing the localised states, extended states, and the mobility edge 
[aJŸerMott 79].
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Mott’s model is illustrated in Figure 2,7. The centre of the band comprises extended states 
at which there is strong scattering.
2.1.6 Conduction
The distinction between localised and extended states is one of the fundamental concepts 
in the study of a-Si:H and amorphous semiconductors in general. The fundamental 
difference is that extended states conduct at zero temperature but localised states do not. 
In addition to creating the distinction between extended and localised states, the disorder 
in the a-Si:H material also influences the mobility of the electrons and holes above the 
mobility edges. The carrier mobility is reduced by scattering, which increases with the 
degree of disorder. Under conditions of weak scattering, the mobility is;
p  -  e r ! m  ~ eL!mv^  (2.1)
where fis  the scattering time, L is the mean free path, Vc is the electron thermal velocity, 
e is the electron charge and m  is the electron mass. Although there is no macroscopic 
conduction in localised states at zero temperature, tunnelling transitions occur between 
localised states and give rise to conduction at elevated temperatures. The spatial extent of 
the wave function allows tunnelling between neighbouring localised states as illustrated 
in Figure 2.8 for two states of separation R  and energy difference F12,
1
Figure 2.8: Illustration of tunnelling between two localised states separated by distance 
R  and energy JSa- Ro is tbe locaUsation length.
The localisation length varies w ith the binding energy of the state and is roughly,
Ro(E) = m{E - E  ) (2.2)
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where Ec is the mobility edge. So far no amorphous semiconductors have been made with 
a Fermi energy in the extended states beyond the mobility edge. Doping in a-Si:H moves 
the Fermi energy into the band tails but is never closer than about 0.1 eV from the 
mobility edge. There’s no metallic conduction.
Üc
Extended state 
conduction
E c
^  Band tail 
con d uction
Hopping
atEp
Density o f states
Figure 2.9: Illustration of the three main conduction mechanisms expected in an 
amorphous semiconductor.
Instead, several other possible mechanisms exist and these are illustrated in Figure 2.9. 
W hen the density of defects in the band gap is very high e.g., in unhydrogenated a-Si, 
conduction takes place by hopping at the Fermi energy. However, if the defect density is 
significantly low as in a-Si:H, this mechanism is inhibited and conduction occurs mainly 
by carriers at the band edges, which may be by extended states or by localised states in 
the band tails. We will take a brief look at conduction in the extended states.
2.1.6.1 Extended State Conduction
Conduction is by thermal activation of carriers from Æ' to above the mobility edge and 
follows the relation,
exp[- {e ^ - E p ) l  kr]  (2.3)
14
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where CToe is the average conductivity above the mobility edge. This is considered the 
most important form of conduction in a-Si:H. Because the band edge is broadened by the 
disorder in amorphous semiconductors, and since the total number of electrons in both 
materials is the same, the density of states (DOS) at the Fermi energy in the amorphous 
material (iV(Æ)) is reduced compared to that in the crystalline material (A^ ryst.(jËF)). The 
reduction factor is ^ an d  is given as N[E?)/Nays\..{Ev). Conductivity above the mobility 
edge Ez is determined by the electron scattering. It has been proposed [Ioffe, 60] that 
scattering lengths less than the inter-atomic spacing ao are almost impossible and that this 
would happen only under complete localisation of the band. The scattering length is 
given by
(2.4)
where Amax is the DOS at the centre of the band and A(Æ) is the DOS at Ez. For the 
model of Figure 2.6, as. is the average separation of only those wells which contribute to 
the energy E. The conductivity at the mobility edge can be estimated (using the 
Boltzman expression for the conductivity of a free electron metal) as
a^ -e^ l7 tha^  (2.5)
and since the 1S{E) at the mobility edge is reduced by a factor it is necessary to include 
this factor in the final expression of the minimum conductivity at the mobility edge. This 
is given as
^min (2.6)
2.2 M etal-Semiconductor Junctions
Many of the useful rectifying properties of junctions can be achieved by simply forming 
an appropriate metal-semiconductor contact. This approach is obviously attractive 
because of the simple way in which these devices are fabricated and also because of other 
favourable qualities of these devices. Since they are unipolar, metal-semiconductor 
junctions are particularly useful when high-speed rectification is required. However, on
15
Chapter 2 Literature Review
the other hand, we must also be able to form non-rectifying (ohmic) contacts to 
semiconductors, which is a case of concern when it comes to fabrication of devices. We 
will start by looking at a few properties of metal-semiconductor junctions such as the 
depletion layer, work function and its relation to Schottky barriers, and various 
conduction processes that occur in bulk semiconductors.
2.2.1 Energy-Band Relations and Conduction Processes in Bulk 
Semiconductors
2.2.1.1 Depletion Layer
In isolation, the metal and the semiconductor generally have different work functions, 
0m and 0 .  As the distance Ô between the two materials decreases, an increasing negative 
charge is built up at the metal surface and an equal and opposite (positive) charge must 
exist in the semiconductor to achieve equilibrium. When electrical contact is made, the 
Fermi energies of the two materials must coincide, provided there’s no applied electric 
field. Charge transfer occurs across the interface to bring the two Fermi energies into 
alignment, thus creating a space charge region in both the metal and the semiconductor.
Metal
(b)
qx
— Ec 
 E fs
E ,
Semiconductor
Depletion layer, (W) ySpace charge(a)
' . .
Metal r?rV y  n
[^ - Metal Semiconductor ■►j
q^B = - X)
Fm
Fig. 2.10: Schematic illustration of (a) the depletion layer created in the semiconductor upon 
contact with a metal, (b) energy-hand diagrams before contact, and (c) equilibrium energy- 
hand diagrams after contact.
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The space charge in the metal remains very close to the contact, but extends further in 
the semiconductor because of the relatively low carrier concentration in the 
semiconductor. This induced space charge region is called the depletion region and is 
illustrated in Figure 2.10(a). Figure 2.10(b) and (c) show the energy-band diagrams before
(b), and after, (c), contact is made between the two materials.
2.2.1.2 Surface States
The discussion of ideal metal-semiconductor contacts does not include certain effects of 
the junction between the two dissimilar materials. Unlike a p-n junction, which occurs 
within a single crystal, a Schottky barrier junction includes a termination of the 
semiconductor material. The semiconductor surface contains surface states due to 
unsatisfied covalent bonds and other effects, which can lead to charges at the metal- 
semiconductor interface. Furthermore, the contact is seldom an atomically sharp 
discontinuity between the semiconductor crystal and the metal. There is typically a thin 
interfacial layer of thickness Ô, which is neither semiconductor nor metal. Although 
electrons can tunnel through this thin layer, it does affect the barrier to current transport 
through the junction. A typical metal-semiconductor junction showing the interfacial 
layer and interface states is shown in Figure 2.11.
q</>E)n
qV.-E,
lERML 
H f  LEVEL
Figure 2.11: A metal n-type semiconductor contact with a detailed illustration of the 
various parameters determining the height of the Schottky barrier (after [Cowley 65]).
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2.2.1.3 Schottl^y Baitief
W hen the two materials are not in contact, they are each in their own local equilibrium 
as shown in Figure 2.12(a). Figures (b) and (c) show the effect of decreasing the gap 5 
between the two materials. W hen Ô is decreased until it is small enough to be comparable 
with inter atomic distances, the gap becomes transparent to electrons and we obtain a 
limiting case as in Figure 2.12(d).
VACUUM
TC\<p
(a)
-qx GAP -X)
qvn I'
(b)
t-F
Figure 2.12: Energy-band diagram for an ideal metal-semiconductor contact, showing (a) 
the two materials separate from the effect of each other, (b) and (c) the effect of decreasing 
the gap between the two materials, and (d) the two materials at contact, assuming no 
surface states (after [Henisch 57]).
It is clear that the limiting value of the barrier height in an n-type semiconductor {q0Bn), 
assuming Os « Om, is given by;
(2.7)
where, %, termed as the electron affinity is the energy between the bottom of the 
conduction band Fc and the vacuum level. The barrier height therefore is simply the 
difference between the metal work function and the electron affinity of the 
semiconductor. The resulting contact is called a Schottky contact and has rectifying 
electrical properties. The charge induced in the depletion region is constrained to remain 
in the vicinity of the interface by Coulombic attraction and forms a dipole layer with a 
potential difference {gVh) equal to the difference in the two work functions. qVsis called 
the built-in potential and is given by;
(2.8)
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There is band bending within the space charge layer at either side of the interface and as 
discussed above, it extends further in the semiconductor because of the low density of 
band gap states in the semiconductor. This band bending results in the barrier for 
electron flow into the semiconductor and is as shown in Figure 2.12(d), assuming Os « Om. 
For a given (crystalline) semiconductor, the sum of the barrier heights on both the n-type 
and substrates is equal to the band gap, i.e.;
(zk» (2.9)
where, j^ is  the band gap.
2.2.1.4 Schottky Emission
Considering a metal-vacuum system, the image force of an electron at a distance x  from 
the metal is given by;
_  2
 = -  ^ (2.10)47r(2x) Eq 1 6 ^ E q X^
where G o is the permittivity of free space. Image force is the attractive force between the 
electron at distance x  from the metal and a positive charge -  image charge -  induced in 
the metal by the presence of the electron. This force is equivalent to the force that would 
exist between the electron and an equal positive charge located at -x. The potential 
energy of the electron at this point is given by
E { x ) = ( F d x  = ----    (2.11)^  IGttEq X
If an external electric field E  is applied, the potential energy of the electron in the x
direction is changed by a factor eEx and hence the total potential is given by
= ------------ + eEx (2.12)16;^ Gq
The Schottky barrier lowering (A )^ occurs when c?[P£’(x)]/ dr = 0 and is given by
eEA0 = J ^ ^  = 2Ex,„ (2.13)
•0
while the location Xm of the lowering is given by
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X ... = cm. (2.14)
For these results to be applicable to metal-semiconductor interfaces, the field should be 
replaced by the maximum field at the interface, and the permittivity for free space (Go) 
should be replaced by the appropriate permittivity Gs, characterising the specific 
semiconductor material. Thus
eE= 4;tg (2.15)
Schottky barrier lowering is also commonly referred to as image force lowering and as 
can be seen from the two equations above, the barrier lowering factor A(^  increases with 
increasing field E, while Xm reduces with increasing K This implies that at high fields, the 
Schottky barrier is considerably lowered, and the effective metal work function for 
thermionic emission (e^ ) is reduced.
(|)(x)
Vacuum levelX m
eA
1 6 ;z ’G n  XeOm eEx
B ailier lowering
Figure 2.13; Schottky effect showing barrier lowering following the application of an 
electric field E.
The peak of the barrier also moves closer to the metal interface with increasing E, which 
would make it easier for tunnelling of electrons. The emission current discussed above 
should ideally be independent of the field strength at the cathode. However, this has 
been found to be experimentally untrue. The emission current is found to increase with
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increasing field strength at the cathode. As well as the possibility of electrons tunnelling 
from a metal into the conduction band of an insulator, there is also the possibility that 
Schottky emission will occur over the barrier. This is illustrated in Figure 2.13. This type 
of electron emission from the metal at negative potential is completely analogous to 
thermionic emission except that the applied field lowers the barrier height (essentially by 
reducing the work function of the metal at the metal-insulator junction). For the electron 
to cross the barrier, its energy in the xr direction must be greater than the barrier height.
2.2.1.5 Space-Chaige-Limited Conduction
Has a pronounced effect on the electrical properties of insulators at room temperature 
and below because they normally have a low density of free carriers and an applied 
voltage can very easily produce charge unbalance. Current can be single carrier injected 
or double carrier injected and also depends on the presence of traps and recombination 
centres. Single carrier space charge injection occurs when an insulator or intrinsic 
semiconductor is provided with an injecting contact on one side and a collecting (and 
non-injecting as well) contact on the other. In p-i-n structures, this occurs firstly when 
the p  region is hole-injecting and the n region hole-collecting, and secondly when the n 
region is electron-injecting and the p  region electron-collecting. The structure behaves 
like a junction diode at low voltages and a space-charge-limited solid state diode at higher 
voltages. Since the p  contact does not inject holes, the current density characteristic in 
the low voltage (junction diode) region is given as;
/  = C e x p ( ^ ]  (2.16)
where C is a constant and m  increases gradually with increasing voltage. At higher 
voltages, where the current flow is space-charge limited, current flow is governed by;
J  =  // G G Q ¥ ----  (2.17) ^ dx
where
F = - ^  (2.18)dx
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and the potential. The simplified SGLC case follows the relation;
9 V ^J - —e E i Q p - ^  (2.19)
which is the high-voltage current density characteristic for n-i-n or p-i-p  diodes, which 
behave like resistors at low voltages and as space-charge limited devices at higher 
voltages. This implies that n-i-n and n-i-p devices have similar characteristics at higher 
voltages. In a perfect trap-free insulator where all the injected carriers remain free and all 
contribute to the space charge, current flow is exactly analogous to that in a vacuum 
diode. The presence of traps generally reduces the current by capturing most of the 
injected carriers.
2.2.1.6 Poole-Frenkel Conduction
The classical Poole-Frenkel effect is the thermal emission of charge carriers from 
Coulombic (charged) traps in the bulk of a dielectric or semiconductor, enhanced by the 
application of an electric field. The Coulombic centres are mostly considered to be donor 
defects, although compensation by acceptors is sometimes directly included in the model 
[Ref]. The Poole-Frenkel mechanism is driven by the electric field, which reduces the 
barrier height on one side of the trap, thereby increasing the probability of the electron 
escaping from the trap. This process is illustrated in Figure 2.14 where a Coulombic 
potential well (trap) is shown in the presence of an electric field.
In this diagram, (j)t is the ionisation potential in electron volts, and is the amount of 
energy required for the trapped electron to escape the influence of the trapping centre 
when no field is applied. A(j) is the amount by which the barrier height of the trap is 
reduced by the applied electric field {E). As the field increases, the potential barrier 
decreases on the right side of the trap, making it easier for the electron to vacate the trap 
by thermal emission into the quasi-conduction band of the host material. The quasi­
conduction band edge is the energy at which the electron is just free from the influence 
of the positive nucleus.
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, 1 bottom of\  applied lield conduction
energy
k
position
Figure 2.14; Poole-Frenkel barrier lowering effect occurring at a Coulombic trapping 
centre in the presence of an electric field. The thick solid line represents the Coulombic 
potential barrier under zero bias and the dashed line shows the effect of an applied electric 
field (B). The slope of the thin solid line is proportional to the applied field. is the trap 
depth below the conduction band and A(|) is the amount ot barrier lowering.
For the Poole-Frenkel (PF) emission to occur, the trap must be neutral when filled with 
an electron, and positively charged when the electron is emitted, making it a Coulombic 
attractive trap. For traps that are charged when filled and neutral when empty, 
Coulombic attraction cannot exist due to the absence of the Coulombic potential barrier 
in such a case. Thus, the PF mechanism depends on the existence of a Coulombic 
potential. Inherent in Frenkel’s model is the assumption that each Coulombic centre is 
independent of the others, i.e., the potentials do not overlap. He developed his model to 
explain increase in electrical conductivity at high fields, observed in insulators and low- 
mobility semiconductors prior to breakdown. This assumption is true if the impurity 
density is low enough such that no two centres overlap. It is also used in “high impurity 
density” amorphous materials for simplicity. The magnitude of the trap barrier height 
lowering by the electric field is;
^q0 =  P4Ë (2 .20)
23
Chapter 2 Literature Review
where (2 .21)
and q is the electron charge, is the permittivity of free space and 6r is the relative 
permittivity of the material. We see that is a material parameter depending on the 
dielectric constant. This implies that materials with large dielectric constants will be less 
sensitive to the field-induced trap barrier lowering. Even though the barrier height is 
reduced by the application of an electric field, the ionisation potential is defined as a 
reference energy at zero field and is hence a constant. Thus, the effective ionisation 
potential of the Coulombic trap is q^^— in an applied electric field (_5). Frenkel
approximated the electrical conductivity (a) due to the thermal ionisation of Coulombic 
traps to be proportional to the free carrier concentration in the quasi-conduction band. 
The dielectric was also assumed to be intrinsic, i.e., Fermi level is at mid-gap. a  is 
therefore written as.
<7 = exp 2kT (2.22)
In the presence of an electric field, the effective ionisation potential will be reduced by an 
amount Therefore,
(J = cJq exp 2kT (2.23)
where. Go is the conductivity at zero field and is given by
-q(j>^cTq = Cexp 2kT (2.24)
where C = propagation constant. This implies that,
q(j)^  ~(7 -  Cexp 2kT (2.25)
Since current density (/) = G X E, then
q^, - P 4 ËJ  = CE exp 2kT (2.26)
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This expression is derived assuming donor traps alone with no acceptor traps. Considering 
that the Fermi level in this case is assumed to be midway between the ground level of the 
trap and the free carrier energy Æ, the presence of acceptor traps moves the Fermi level 
downwards towards Ev. This has a limiting case where, E) — Ev = Ea — Eï,
Ef -  ‘midgap’ 
no acceptors
increasing acceptor 
compensation
Et
Figure 2.15; The effect of increasing acceptor compensation, which moves the Fermi
level downward towards Et.
This is illustrated in Figure 2.15. In the limiting case, the factor 2 in the denominator is 
reduced to 1 and,
q ^ , - p 4 Ë 'J = CE exp kT (2.27)
Considering this limiting case and the previous case where only donor traps exist, the 
current density can generally be written as,
g#, - P 4 ËJ = CE exp (2.28)
where ^  fluctuates between 1 and 2 depending on the density of acceptor traps, i.e., the 
amount of acceptor compensation.
2.2.2 Current-Voltage Characteristics of a Metal-Semiconductor Diode
If a voltage V  is applied to the M-S diode, if the surface of the semiconductor has a 
potential = 0, then the potential in the bulk of the semiconductor will be Vh\- V, where
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Hi is the built-in potential or the diffusion potential of the barrier layer and is given as 
while His the applied voltage. The potential in the depletion (space- 
charge) region rises from ^ = 0 at jv = 0 to the value ^ = Hi- V  for where d  is the 
barrier thickness. The space-charge density p  is given by
p  = e ( N , - n )  (2.29)
where Nd is the ionised donor density and n  is the electron density. Since the potential is 
constant for x>d,  we must expect that the net space-charge be zero, i.e., n  = 7V</for x'è: d. 
For electrons to travel from the semiconductor into the metal, they have to climb the 
potential-energy barrier eH i-H  This reduces the electron density drastically from x  = d  
to % = 0, giving p  = eNd at % = 0. If eHi- V  »  kT, it is sometimes generally approximated 
that p  = eNd for the most part of the space-charge region, i.e., for 0 < x  < i/. If the 
thickness d  of the space-charge barrier layer is small in comparison with the mean free 
path A, of the electron in the n-type semiconductor, the current flow is due to emission of 
electrons across the barrier.
However, if d  is large in comparison with X, then the consequent current flow across the 
barrier is a diffusion process. According to Rhoderick, [Rhoderick 74], before an electron 
can be emitted over the barrier into the metal, it must first be transported through the 
depletion region of the semiconductor to the top of the barrier and then emitted over the 
barrier. He considered the two processes diffusion and emission to be in series and 
whichever causes the greater resistance determines the current flow over the barrier. The 
diffusion process was first proposed by Wagner, [Wagner 31] and later by Schottky 
[Schottky 38] and Schottky and Spenke, [Schottky 39], while the emission theory was 
suggested by Bethe, [Bethe 42], a few years later. The current density characteristic for 
the ideal emission model is given by;
J = J q exp kT - 1/  /
(2.30)
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where His the applied voltage. If H= - H and {eVo/kT) »  1, then /=  -Jq. This is called the 
saturation current and it corresponds to the flow of electrons from the metal into the 
semiconductor, fa for the thermionic emission model is given by
= A 't '‘ exp(-^g IkT)  (2.31)
where A  is the Richardson constant corresponding to the effective mass {ih) in the 
semiconductor and is given by
A* =4mi*e1à I h \  (2.32)
However, if H= + H and {eVo/kT) »  1, /h a s  opposite sign and increases strongly with the 
increasing applied voltage H. This is the direction of forward current and corresponds to 
flow of electrons from the semiconductor into the metal. Thus,
J  = A’T^ exp(- A  / fcr)[exp(- eV I k T ) - \ \  (2.33)
This characteristic is derived under the assumption that under forward bias, a flat quasi- 
Fermi level implies that the electron concentration in the semiconductor just inside the 
interface is given by
n = ex p [- - e V ) i  kT] (2.34)
and
J = exp(- (f>Q /  kT )[exp(eH / k T ) - l ] (2.35)
where Æ  is the effective density of states in the conduction band of the semiconductor. 
The characteristic for the diffusion theory is given as [Schottky 38],
J = J, exp - 1 - 1  kT ) (2.36)
where.
kT
e{V„ -V )2N ^ 1 / 2 exp kT (2.37)
is the reverse saturation current for the diffusion theory. Comparing Jb with Jo -  the 
reverse saturation current for the thermionic emission model, we find that Jb varies more
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rapidly with the applied voltage hut is less sensitive to temperature compared to Jq. 
Generally, the experimental forward characteristic can be written in the form of
J — J f] exp eV'\nkT^ - 1 (2.38)
where n  is the ideality factor and is given by;
n = kT dV (2.39)
Assuming the image force permittivity is the same as the semiconductor permittivity, n 
has been calculated for several values of Na [Sze 64] and it has suggested that the effect of 
the image force barrier lowering on the forward current characteristic is negligible for 
devices w ith Aë < 10^  ^cm'^.
2.2.3 Current Transport across a-Si:H Metal-Semiconductor Junctions
Current transport in metal-semiconductor contacts is mainly due to majority carriers in 
contrast to p-n  junctions, where the minority carriers are responsible. Figure 2.16 shows 
four basic transport processes under forward bias (with the inverse processes occurring 
under reverse bias [Rhoderick 74]). The work function of the metal in this case is larger 
than that of the semiconductor, i.e., Om > Os.
Ec■Ef
Figure 2.16: Four basic transport processes at a metal-semiconductor junction 
under forward bias, (after [Rlioderick 74]).
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Process (1) is transport of electrons from the semiconductor into the metal over the 
potential barrier, which is the dominant process for Schottky diodes with moderately 
doped semiconductors (e.g., silicon with No < 10’^  cm'^) operated at moderate 
temperatures, e.g., 300K. Process (2) is the quantum mechanical tunnelling of electrons 
through the barrier (important for heavily doped semiconductors). (3) is recombination 
in the space charge region and (4) hole injection from the metal to the semiconductor, 
which is an equivalent of recombination in the neutral region. Other considerations to 
make are the presence of an edge leakage current due to a high electric field at the 
contact periphery and interface current due to traps at the metal-semiconductor 
interface. We shall first consider the transfer of electrons over the potential barrier.
2.2.3.1 Thermionic Emission
Thermionic emission refers to the excitation of carriers over the top of the barrier where 
the conduction band edge intersects the interface. At zero applied voltage, the 
equilibrium current fluxes in each direction are equal. The thermionic emission current 
density from the metal over the barrier is given by;
/„  = C exp(- e<I> 5 /  kT) (2.40)
where C is a constant. The application of a bias Vk changes the current from the 
semiconductor by a factor e x p ( e l k T \  because the Fermi level is raised or lowered by 
eVh w ith respect to the metal Fermi level. Thus, under forward bias, the current density 
is given by;
K ^ A )  = h^->^v{eVJnkT) (2.41)
where n  is called the ideality factor and is a correction for the many reasons why the 
current differs from the ideal model. Examples include recombination of carriers in the 
depletion region, optical phonon scattering of electrons in the region between the top of 
the barrier and the metal interface and the quantum mechanical reflection of electrons 
which have sufficient energy to surmount the harrier [Crowell 66]. Non-uniform 
interfaces also cause departures from ideality. Jo is the reverse bias saturation current and 
is given by;
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= A 'r 'e x p ( - e 0 g / t r )  (2.42)
where A  is the Richardson’s constant. Although the reverse bias saturation current of an 
ideal Schottky barrier is Jo, in practice there are other current sources. Imperfect contacts 
allow a leakage current, which generally increases exponentially with bias. Even with 
ideal contacts, excitation of carriers from bulk gap states to the band edges also give rise 
to a thermal generation current whose density is a product of the density of states and the 
excitation rate, and is approximately
J,/, = eN(Ep )kTcûQ exp(- E I kT)0. (2.43)
where £2 is the volume and COo is the excitation rate.
2.2.3.2 Field Em ission
Field emission is another form of carrier transport occurring across the barrier. This 
occurs in degenerate semiconductors and arises from electrons with energies close to the 
Fermi energy of the semiconductor tunnelling across the barrier. However, if the 
temperature is increased, electrons are excited to higher energy levels and the tunnelling 
probability increases very rapidly because the electrons experience a much thinner
barrier. At even higher temperatures, virtually all of the electrons have enough energy to
go over the barrier and transport will be purely by thermionic emission.
2.2.3.3 Tunnelling Through the Barrier
Quantum mechanical tunnelling of electrons with energies lower than the barrier height 
across the barrier was postulated by Wilson, [Wilson 32], as the dominant transport 
process in Schottky barriers. However, it was later realised that tunnelling was only 
dominant under several conditions, which will be mentioned shortly. Thus the current 
characteristic has to be modified to include both the thermionic and tunnelling 
components. According to Sze [Sze, 81], the forward current from the semiconductor to 
the metal becomes proportional to the quantum transmission coefficient multiplied by 
the occupational probability in the semiconductor and the unoccupied probability in the 
metal. This gives the expression for forward /a s
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J. A*T | “r ( f )e x p kT dC
+  ■
A T
(2,44)
I ‘‘ FÀvy{n){^ -F„.)d’i
where T{^ and 7\tj) are the transmission coefficients above and below the potential 
maximum, respectively, and Fs and Fm are the Fermi-Dirac distribution functions for the 
semiconductor and metal, respectively. The first term is the thermionic emission 
component, which reduces to Equation 2.41 if T{^ = 1. The second term is the tunnelling 
component.
2,2.4 Metal-Semiconductof-Metal (MSM) Devices
We consider the current transport in a symmetrical metal-semiconductor-metal device 
with the semiconductor being uniformly doped n-type crystal as shown in Figure 2.17(a). 
The charge and electric field distributions associated with the device are shown in Figures 
2.17(b) and (c) respectively.
(a) Contact 1 
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+ + + + + + +
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X
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(c)
Figure 2.17: Metal-Semiconductot-Metal structure, (a) Device with a uniformly doped n- 
type semiconductor, (b) Charge distribution under low bias, (c) Electric field 
distribution, (after [Sze 71]).
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Figure 2.18 shows the energy band diagram for a small positive voltage applied to contact 
1 with respect to contact 2. Contact 1 is forward-biased and contact 2 is reverse-biased. 
The depletion layer widths are;
and (2.45)
(2.46)
where W\ and Wi are the depletion widths in the n layer for the forward and reverse- 
biased barriers, respectively, N d is the ionised impurity density, and Vbi is the built-in 
voltage.
Figure 2.18: Band diagram for the n-type c-Si device of Fig. 3.7 showing the barriers at 
both junctions, (after [Sze 71]).
For a-Si:H however, the density of states is so low that the reverse-biased depletion 
region in devices as thin as ours (~ 70 -  lOOnm) reaches through to the forward-biased 
depletion region even under low biases. This condition is referred to as reach through and 
the band diagrams are as illustrated in Figure 2.19.
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i I
Figuie 2.19: Flat band condition fot an MSM device showing (a) the electric field 
distribution and (b) the band diagram of the device when the reverse-biased depletion 
layer reaches the edge of the forward biased junction at a voltage V fb. (after [Sze 71]).
2.2.5 Effect of Doping and Electric Field on Barrier H eight
Figure 2.20(a) shows a metal/a-Si:H junction where the a-Si:H is undoped and the 
junction is at equilibrium, thus having a depletion region and a built-in potential. As the 
semiconductor doping is increased, the Fermi energy will move towards the conduction 
band and the resultant Schottky barrier will exhibit an increased built-in potential 
(Figure 2.20(b)). The barrier height reduction for an n-type material is largest at doping 
levels above 10'  ^ (PH3/S1H4) even though the greatest shift in the Fermi energy is at a 
lower doping level. The Fermi energy does not directly change the barrier height and the 
origin of the reduction is the large defect density caused by doping. The narrowing of the 
junction allows for tunnelling at lower energies.
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a-Si:H ^Metal Û a-Si:H Ef
Undoped a-Si:H n-doped a-Si:H p-doped a-Si;H
Figure 2.20;Batriet height control for (a) undoped a-Si:H, (b) n-doped a-Si;H for barrier 
electron barrier lowering, and (c) p-doped a-Si:H for electron barrier raising (after [Sze, 
81]).
This reduces the apparent barrier height drastically as shown in Figure 2.20(c). The 
barrier collapses completely at doping levels >10’^ , and the depletion region also collapses 
completely and electrons are able to tunnel through the barrier, effectively resulting in 
an ohmic contact. This characteristic has been used in the fabrication of various devices 
such as thin film transistors, n-type doping in a-Si:H decreases effective barrier to 
electrons due to positive space charge but increases barrier height for holes. Also, y?-type 
doping increases barrier height for electrons and decreases it for holes.
2.3 Switching Phenomena in Amorphous Semiconductors
2,3,1 Threshold and Memory Switching
Switching is said to occur when a highly resistive device changes from its low 
conductance level to a highly conductive state by the application of an appropriate 
electric signal. A typical switching device consists of a thin film (e.g. of a chalcogenide 
glass or amorphous silicon) of approximately 0.1 — 10/an thickness, sandwiched between 
two metal electrodes. In threshold switching, conduction is ohmic up to fields of about 
10^  Vcm'k At higher fields, non-ohmic processes become evident and the current rises 
exponentially with applied voltage. Switching occurs at fields of about 10^  Vcm'* and
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schematic current-voltage (I-V) characteristics are shown in Figure 2.21. Upon switching 
(at the threshold voltage, Vth), the voltage across the device drops sharply until a holding 
voltage Vh of about IV is reached. This highly conductive “ON” state may be maintained 
as long as the current does not drop below a critical holding current Ih  and if that is not 
maintained, the device switches back to the low conducting “OFF” state.
nN ■load line
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Figure 2.21: Schematic representation of threshold switching (after [Hajto 92]),
Devices of this kind are known as threshold switches and they are non-permanent 
(volatile) and always revert to the OFF state in the absence of an appropriate bias. 
Another type of switching exists. In this case too, there is a critical switching voltage for 
the OFF to ON transition, but both the ON and the OFF state characteristics extrapolate 
through the origin in an I- V  plot. In these devices, if the high ON-state current is 
maintained for about a millisecond after the OFF to ON switching, the material along the 
current path is modified, creating a “permanent” bridge of highly conductive material 
between the two electrodes. Once this modification of the material structure has 
occurred, the device remains in the low-resistance ON-state even after the electric field 
has been removed. It is possible to return the device to its high resistance OFF-state by 
applying a sufficiently high, short pulse of opposite polarity across the electrodes. This
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ERASE pulse melts the highly conductive material in the conduction channel and the 
subsequent rapid cooling restores the amorphous nature of the material. Devices of this 
kind are permanent (non-volatile) and are known as memory switches. An example of 
the I-V characteristics for the memory devices is shown in Figure 2.22.
load line
ON-
MEMORY OFF
TH
THvoltageOFF
load line
Figure 2.22; Memory switching I-V characteristics. Both the ON and OFF state 
characteristics extrapolate through the origin unlike in threshold switching of Fig. 2.21
(after [Hajto 92]).
The amorphous-to-crystalline transition outlined above is, of course, only one possible 
mechanism by which memory switching can be implemented. In general, memory 
switching refers to any mechanism that results in the ON and OFF states persisting more 
or less indefinitely in the absence of any bias. It is common to describe switching 
phenomena in terms of ON and OFF states, but it has to be noted that switching devices 
are not always rigidly bistable in their operation, i.e., they are not always digital devices. 
Memory switching has also been observed in devices that exhibit a continuous range of 
intermediate conductance states between the ON and OFF states. These are analog 
memory devices. The speed of the switching transients varies from device to device. The 
actual switching is extremely fast (nanoseconds), but is preceded by a delay time of the 
order of microseconds near (or at) the threshold. Figure 2.23(a) shows the schematic 
waveforms of measured voltage Vs and current Is across the device during an OFF to ON
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transition. There is a sudden rise in the voltage across the device at time to but the current 
remains low (i.e., the sample is in its low-conducting OFF state) for a certain time termed 
as the delay time - tdw, equivalent to ti -  to. At f/, there is a sudden rise in the current and 
at the same time, a similarly fast decrease in the voltage associated with the OFF to ON 
transition (i.e., a sudden increase in the device conductivity).
The duration of the OFF to ON transition {t2 -  ti) is called the switching time and it is 
usually much shorter than tdw. However, in recent works and in the current work being 
reported here, the delay time tdw has been observed to vary more or less randomly within 
devices of the same material and efforts to check its possible dependence on the 
magnitude of the forming pulses have proved inconclusive. This is discussed further in 
the Results chapter.
V
V,
-V
-Vs
-h
Figure 2.23; Waveforms of (a) a WRITE transient showing the OFF to ON transition 
between times ti and t2; and (b) an ERASE transient showing the ON to OFF transition 
between times ti and t2.
Figure 2.23(b) refers to the ERASE operation for a memory device, as obviously this does 
not apply to the volatile threshold devices. W hen the voltage pulse is applied at time to, 
the current is high at first, as the sample is in its ON state. After a delay time toE, the
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sample conductance decreases rapidly during the erase switching time (£?- ti), and at the 
same time the voltage across the device increases. The device then reverts to its original 
low conductivity (OFF) state.
2.3.2 The Forming Process
As-fabricated devices rarely show threshold or memory switching effects without an 
initial process to modify their as-deposited structure. This modification process is usually 
referred to as forming and is discussed in brief below. Forming is achieved by the 
application of a suitable voltage pulse onto the devices. This forming pulse tends to 
produce irreversible changes in the electrical characteristics of the devices, often with a 
substantial decrease in the overall terminal resistance. Once the devices form for the first 
time, the voltages and currents needed for subsequent switching of the device tend to be 
usually smaller than those at forming.
The processes involved in forming depend on the type and quality of the film, the 
geometrical structure of the device and in some cases, the electrode material. The changes 
can be either physico-chemical -  involving redistribution of the chemical constituents of 
materials composing the device, or they can be electronic -  where a quasi-permanent 
change in the occupancy of electronic states within the device takes place. The changes 
can occur throughout the bulk of the film or could be localised. However it has been 
suggested [Barnett, 66] that during forming, the high conductivity state of the device is 
achieved through the creation of a highly conductive filament across the semiconducting 
film. This filament then becomes the dominant conduction path and subsequent 
switching operations involve this filament and not necessarily the whole surface of the 
device area. Further details on the various aspects of filamentary conduction from its first 
suggestion to the present are discussed below.
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2.3.3 Filamentary Conduction
The first proposition of filamentary conduction was made by Ridley in 1963 [Ridley 63]. 
He considered current and voltage instabilities in semiconductors and shown that with 
current controlled negative resistances, energy considerations imply the formation of a 
filament between injecting contacts. The filament develops first at some device 
inhomogeneity and is stationary but it grows in size about the nucléation region as the 
current is increased. He could not explain the inhomogeneity that causes the nucléation 
but suggested that a small doping variation could be an adequate factor. The condition 
assumed for onset of breakdown is that the hole transit time becomes less than or equal to 
its lifetime. This is equivalent to assuming that the holes at the far junction from their 
injecting contact are sufficient in number to neutralise the charged recombination 
centres (hole traps). He hypothesised that variations in No (the compensating shallow 
donor density), particularly in the vicinity of the n-type contact, could be the 
inhomogeneity factor that triggers the development of the filament.
2.3.4 Early Reports of Switching
Reversible switching was first observed in a group of materials called the Chalcogenide 
glasses by Ovshinsky in 1968 [Ovshinsky 68]. Since then, a great amount of work was and 
is still being carried out on these glasses. They are various multi-component alloys 
containing Group VI elements (the chalcogens) of the periodic table, i.e., O, S, Se, and Te. 
A number of properties, especially the electronic structure of these chalcogenide glasses, 
make them particularly suitable for switching devices. Firstly, since their room 
temperature conductivity is low, resistance heating, which could lead to thermal 
instability and irreversible breakdown is kept to a minimum. This is because according to 
Ohms law, I = V/R and hence Power (VI)) is given by W R . The low room temperature 
conductivity of the chalcogens implies a high resistance R and hence if R is high, then VI 
tends to a minimum.
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The earliest reports of switching in amorphous silicon (a-Si) were published in 1970 
[Feldman 70, Moorjani 70] at the same time with some of the early literature on 
switching in chalcogenide glasses. It is in these early stages that current flow in the 
highly conductive state of the devices was presumed to take place through a channel or 
filament whose cross-section is considerably smaller than the total device area. 
Filamentary conduction had earlier been observed to be a general characteristic of 
current-controlled negative resistance in both amorphous and crystalline materials 
[Ridley 63]. More detailed experiments on the a-Si structures were carried out later 
[Feldman 74, Charles 74] where the a-Si films were vacuum-evaporated in the range of 
0.3 -  2.0 pm  thick and fitted with titanium electrodes. Similar observations were made on 
evaporated films of germanium, boron and boron plus carbon.
As threshold devices, these a-Si structures had threshold voltages Vth of 5-1OV, OFF-state 
resistances in the range of l-30kQ and an ON-state resistance of ~100Q. In common with 
the chalcogenide glasses, there was a delay time to of 20-50/Æ or more at room 
temperature before switching and the actual switching was at least several microseconds. 
Feldman and Charles did not however report any initial forming process, unlike the 
situation in chalcogenide switches. They analysed the pre-switching, non-linear current- 
voltage characteristics in the amorphous forms of boron and silicon. They also 
investigated the role of Joule heating and its effect on the switching characteristics. To 
determine the heat distribution on the surface of the samples, they used a cholesterol 
ester (liquid crystal) spread uniformly over the surface covering the top electrode. These 
esters exhibit colour changes from red to blue with increasing temperatures and on to 
colourless for temperatures exceeding 132° Celsius, On application of a field across the 
samples, they observed colour changes uniformly across the whole area under the 
electrode until the point of switching when they observed a small colourless spot in the 
liquid crystal. An example of the pattern observed is shown in Figure 2.24(a). The 
significantly large area size of the spots compared to the actual filament (colourless spot at 
the centre) was explained as due to the heat generated during switching. Figure 2.24(b)
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shows the pattern obtained after multiple switching where consecutive spots seemed to 
occur at the same location on the crystal.
Figure 2.24: The liquid crystal patterns obtained after (a) single switching and (b) multiple 
switching. The “burnt-out” spot in Fig. (b) suggests that multiple switching occurs at the 
same location on the crystal during each operation. This then becomes the easiest path for 
conduction, (after [Feldman 70]).
After repeating this several times with similar results, they concluded that a highly 
conductive filament had been formed during switching with current flowing through it 
with the resulting temperatures being in excess of 132°C. They explained their results in 
terms of a simple and qualitative electrothermal model involving the formation of a 
conducting filament and suggested a direct relation between switching and filament 
formation in amorphous semiconducting films.
Dey and Fong [Dey 79] also reported work on a-Si films. They however observed only 
threshold switching and no evidence of memory switching was reported. They observed 
Poole-Frenkel type conduction at fields above 10'* Vcm b They later interpreted their 
results in terms of a simple one-dimensional electrothermal model [Dey 80], although 
developed more quantitatively than that by Feldman and Charles. It should be noted that 
both teams (Feldman and Charles, and Dey and Fong) used a-Si films deposited by 
vacuum evaporation, which is a very different material from the hydrogenated form of a- 
Si, obtained for example by glow discharge deposition of silane [Spear 76]. The main
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difference arises from the incorporation of « 10% hydrogen in a-Si:H, which passivates 
silicon dangling bonds.
Early work on a-Si:H was reported almost concurrently by three authors [Gabriel 82, 
Boer 82 and Owen 82]. They all reported very different effects observed in different a- 
SiH structures. Den Boer studied if-i~ if structures of a-Si:H prepared by the glow 
discharge decomposition of SiH4. Previously, he and others had shown that “passive 
devices” with rt-i-it  sandwich configurations had strongly non-linear current-voltage 
characteristics due to space-charge injection from the low-resistance contact [Boer 81]. 
He found that the i t- i- i t  devices functioned as threshold switching devices with non­
polar characteristics. He also compared structures with chromium or a combination of 
chromium and i t  contacts (i.e., Cr-it-i-Ct and Gr-i-Gr). The Gr-n+-i-Gr contacts had 
rectifying characteristics, while the Gr-i-Gr contacts switched but were very unstable.
He could not establish conclusively the processes responsible for switching in his devices 
but quoted the electrothermal model used before [Gharles 74, Dey 80] to suggest both 
thermal and electronic processes participating in the switching process. From his doping 
experiments, he concluded that the possibility of substitutional doping in a-Si:H leads to 
controllable contact properties and stable switching devices.
Gabriel and Adler [Gabriel 82] prepared their films by sputtering from a polycrystalline 
silicon target in an argon-hydrogen plasma. In all cases, their devices were notionally 
homogeneous thin films of intrinsic a-Si:H with molybdenum contacts. The samples were 
fabricated over a wide range of deposition conditions in two sputtering systems, and 
although results from some of the samples were rendered doubtful because of 
contamination problems, in no case did Gabriel and Adler observe any evidence of 
reversible switching. They concluded that, in contrast to the chalcogenide glasses, 
amorphous silicon does not have the electronic and structural properties required for 
reversible switching specifically the unique chemical bonding configuration which
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suppresses avalanche dielectric breakdown (as compared with the three properties 
mentioned above [Kastner 76, Adler 78], which make chalcogenide glasses very suitable 
for switching purposes.
Owen e t ai. carried out work on a-Si p-n-i devices deposited on stainless steel substrates. 
They claimed the i  layer made the devices more stable. They reported memory switching 
for the first time in a-Si [Owen 82] and reported a marked polarity dependence of the a-Si 
switches in contrast to chalcogenide switches. The explained this memory behaviour in 
terms of processes similar to those in MISS switches where minority carrier injection and 
accumulation at the interface with the i  layer could lead to punch-through to the 
injecting contact causing the device to switch ON. Later on they carried out new work on 
hydrogenated amorphous silicon (a-Si:H) together with Hajto et ai [LeComber 84, 
LeComber 85, Choi 87]. In their report, they first considered metal-semiconductor-metal 
structures where the semiconductor was a-Si:H p^-n-i, deposited in that order. The a-Si:H 
films were deposited on Corning glass substrates with chromium (Cr) bottom contacts 
and in the layer sequence of p ,  n, Y by the glow-discharge decomposition of silane (SiH4), 
using gas phase doping. From the current-voltage characteristics of freshly prepared 
(unswitched) devices, current increased rather ohmically with voltage until at some point 
where an abrupt change to non-ohmic behaviour was observed.
The devices then switched into a low-resistance ON state with further voltage. Increasing 
the voltage in the forward direction, i.e., w ith the substrate and hence the p  region 
positively biased, the ON state current increased apparently indefinitely. However, in 
reverse bias, the devices switched back into a high-resistance OFF state. Subsequent 
forward biasing caused the OFF to ON state transition to occur again. The ON state I-V 
curves extrapolated through the origin, implying that the ON state was permanent. 
Though in some occasions their devices appeared to go through a number of intermediate 
states during the OFF to ON transition, non-volatile two-state (digital) memory switching 
was observed in these metal- p -n - i  devices. Area dependence was observed in the OFF
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state but not in the ON state. They attributed this to “filamentary” conduction across the 
a-Si:H film.
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Figure 2.25: (a) Memory resistance as a function of ERASE voltage in a Cr-p+-V structure; 
(b) memory resistance as a function of WRITE voltage in a Cr-p+-V structure; (c) memory 
resistance as a function of WRITE and ERASE voltages in a Cr-p+-Cr structure (after 
[Rose 89] and [Hajto 90]).
More results from Hajto and group involved MSM structures having / /  a-Si:H as the 
semiconductor [Rose 89, Hajto 90]. The bottom contact of the devices was chromium as 
above and the top contact was vanadium (V), though they also considered other metals 
for the top contact. These devices, rather than exhibiting a two-state digital operation like 
the p'^-n-i devices, they had a continuum of stable states that were programmable by 
single voltage pulses. Forming was achieved by biasing the devices w ith a single voltage 
pulse (duration 300ns, magnitude = 12V), with positive polarity applied to the top V 
contact. The main difference between the metal- />+-i3-i-metal structures and the metal- 
j/-m etal structures was in their response to increasing voltages. Unlike in the metal-y/-n- 
i-metal structures where the resistance dropped from «10^° Q (virgin state) to «10^ Q
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after the critical forming voltage Vf, the resistance of the unformed metal-/7*^-metal 
structures could be lowered gradually by applying voltage levels w ith progressively 
increasing magnitudes. They termed the type of forming in the previous samples hard 
forming whereas that in the latter, soft forming.
They repeated these experiments using Cr as the top metal in place of vanadium. Figure 
2.25 shows changes in resistance as a function of WRITE (OFF to ON) and ERASE (ON to 
OFF) voltages in both the V- and Cr-top devices. In the Cr devices, it can be seen that 
intermediate states existed over only a narrow AV of about 0.2V, as compared to ~1.6V in 
the vanadium devices. They reported this as digital switching. After using different 
metals and using AV as a guide, they found that AV (and hence the type of switching 
observed) was significantly dependent on the top metallisation contact. They summarised 
the observed switching behaviour for different metals as in Table 2.2.
Metal AV(V) Switching Characteristic
Ag, A1 < 0.1 Digital, non-volatile
Cr 0.2 Digital, non-volatile
Mn, Fe «0.5 Digital, non-volatile
Ti - Unstable switching
Au, Cu - No switching
W «1.0 Analog, non-volatile
V 1.8 Analog, non-volatile
Ni, Co 2.0 Analog, non-volatile
Mo, Pd 2.0 Analog, volatile
Table 2.2: Switching effects observed with different metals as top contacts in MSM switching 
devices (after [Hajto 92]).
They reported no temperature dependence and they suggested that conduction in these 
analog devices was through tunnelling between inhomogeneous metallic-like inclusions, 
embedded in an insulating matrix in a filament and which could produce a variety of
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physical conduction paths across the device. In their work [Hajto 92], Hajto et. al. 
suggested several models that could be used to explain the phenomenon of switching. In 
the case of a-Si:H which is the material of interest in this work, different models or 
theories could explain the phenomenon of memory switching and the four main ones 
suggested by Hajto et. al. plus more previous ones are described briefly below.
2.3.5 Models for Memory Switching in a-Si:H alloys
2.3.5.1 Thermal Models
Thermal models have been used to explain the behaviour of amorphous chalcogenide 
memories [Warren 73, Kroll 74] and these may appear to offer a basis for explaining the 
switching processes in a-Si:H and related alloys. In the chalcogenide memories, the ON 
state is associated with a filament of crystalline material that is formed after sufficient 
power has been applied to the layer. This is believed to melt a small area of the 
semiconductor material [Ovshinsky 73], probably at a “weak point", and this highly 
conductive filament acts as the dominant current path through the device. Switching 
OFF is achieved by “burning out” this filament using a single or a number of relatively 
short but high-power pulses, and rapid cooling of the molten material helps to re-form 
the highly resistive amorphous nature of the film [Ovshinsky 73].
The filament is thought to occur at the same point on the film during switching 
operations on the same device, i.e., the same weak point becomes the favourite location 
for the formation of the filament. However, a number of important differences exist 
between the a-Si:H and the chalcogenide memory operations:
■ It has been established that M -//-M  a-Si:H memories do not form reliably at a 
constant energy. In general, forming occurs at much lower energy (<10'^ J) than in the 
chalcogenides (10'^ -  lO '^  J) [Owen 82].
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■ The forming, WRITE, and ERASE operations for the a-Si:H memories are generally 
polarity dependent [Rose 89, Hajto 90].
■ No rise in the temperature of the a-Si:H specimens can be observed prior to the 
switching, unlike in the chalcogenide memories [Rose 89].
■ The a-Si:H WRITE and ERASE times are many more orders of magnitude shorter 
than those for the chalcogenides (e.g., 10’* s for the WRITE operation compared with 
10-3 s) [Rose 89 Hajto 90].
It is thus unlikely that the thermal (crystalline /  amorphous phase transition) model is 
applicable to a-Si:H switches. This is based mainly on the fact that switching speeds in the 
a-Si:H switches can be very fast.
2.3.S.2 Trapped Space Charge model
In many aspects, the behaviour of the a-Si:H layers appears to be closely related to that of 
crystalline-silicon metal/Ai2-/7*^/metal (MISS) structures in that both show fast polarity 
dependent switching, both show current instabilities, and both have high conductance 
states associated with current filaments. However, the crystalline MISS structures are 
threshold switches whereas the a-Si:H structures have a non-volatile memory behaviour. 
Two models have been used to explain the behaviour of the MISS structures [Simmons 
77]. These are generally referred to as the “punch-through” and “avalanche” modes and 
both mechanisms require that high fields are developed across space-charge barriers in 
the films.
In addition, in both models, the low impedance (ON) state is produced by injected 
charge, causing inversion of the Si at the Si/insulator interface. It is tempting to suggest 
that the “permanent” memory of the a-Si:H layers may be produced by a similar 
mechanism in which the charge is trapped in deep gap states at the insulator- 
semiconductor interface, for which the probability of release is very small. However, the 
a-Si:H devices retain their ON-state memory conductance without any observable
47
Chapter 2 ____________________Literature Review
changes for periods long enough to group them as non-volatile. Using thermal release 
rates from deep mid-gap states of energy Ei as a measure of the persistence of the trapped 
space charge, the average thermal release time («= exp[-(Æ -  Ei)/kT\) indicates that the 
capture cross-section of these centres would have to be less than 10'^ ® cm'^ in order to 
agree with experimental data.
Although extremely small, such values would be consistent with Coulomb repulsive 
centres identified in crystalline materials [Cowley 65, Bardeen 47]. However, the problem 
is that recombination of the trapped charge distribution through tunnelling or diffusion 
may well invalidate the above estimate by leading to a much faster decay of any trapped 
space charge distribution. All that can be said at the present is that a model in which the 
observed memory is associated with a trapped space charge cannot be excluded, but in 
view of the remarkable non-volatility of the memory states, this is likely to be nothing 
more than a partial explanation.
2.3.5.3 Hydrogen Motion in a-Si:H
Obviously, significant amounts of hydrogen are incorporated in the random network of
the a-Si:H layer. There is therefore the possibility that memory switching may be 
associated with some atomic motion of hydrogen in the material. For instance, it has been 
reported that in 73-type c-Si/Cr Schottky barrier structures, hydrogen plays an important 
role in lowering the contact barrier [Szadkowski 82]. Also, the polarity dependence of the 
threshold voltages for the a-Si:H memories could be understood on the basis of field- 
assisted diffusion [Mott 71].
2.3.5.4 Tunnelling Model
Quantised electron transport and a zero bias anomaly (large non-linear increase in device
resistance at zero bias) have been observed in a-Si:H structures at low temperatures 
[Hajto 90(a), Hajto 91]. One possible explanation for these is that tunnelling processes are 
involved and hence must be taken into account when suggesting a model for memory
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switching. The zero-bias anomaly is consistent with tunnelling conduction between 
metallic particles embedded in an insulating matrix suggested previously as a mode of 
conduction in the a-Si:H devices [Mott 71]. In order to explain the different and 
permanent resistance states of a-Si:H devices, changes in the conductivity of the filament, 
local changes in conductivity at a certain point or points in the filament and changes in 
the filament geometry should be taken into account.
It is assumed that the filament is inhomogeneous, as the absence of any inhomogeneities 
would make polarity dependence almost impossible in the devices. This is because the 
presence of inhomogeneities in the filament allows for local energy density and field 
strength variations to occur and these interactions could be responsible for the polarity 
dependence observed. Considering for example a simple one-dimensional filament 
consisting of alternating regions of materials A and B, the observed resistance of the 
filament will depend on the relative contributions of the A and B type materials to the 
filament resistance. Switching in this model is thought to be related to tunnelling 
between the regions of different material properties. If highly conducting regions are 
separated by small gaps, it is necessary to consider also the possibility of hopping between 
the different regions.
Changes in the tunnel barrier width on an atomic scale, or small (20%) changes in barrier 
height could therefore account for the presence of switching. It is not clear, however, 
how these could occur in a manner that would explain the systematic dependence of 
device resistance on the magnitude and polarity of the switching voltages. Finally, we 
should note that in this model, the cross-section of the conducting channel is considered 
to be constant. The possibility exists that memory switching might be associated with 
some permanent change to the cross section of the conducting channel i.e., the high 
currents involved might cause small-scale material rearrangements. Based on available 
experimental evidence (discussed shortly), it is possible that memory switching in 
amorphous silicon metal-P-metal structures and other a-Si:H alloy materials might be
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associated with a tunnelling barrier within a permanent inhomogeneous filament created 
during the forming process and composed of an insulating matrix of different materials, 
mainly the inclusion of the top metal in the matrix, possibly through a solid-phase type of 
reaction. A possible nature of the filament is shown schematically in Figure 2.26.
Top m etal electrode
M etal
Inclusion
a-Si:H
Filam ent (containing  
"A and B-like regions)
B ottom  metal electrode
Figure 2.26: Schematic description of a filament showing proposed metallic inclusion 
and one-dimensional conducting channel.
Most recent work on a-Si:H memory switches, and which is the basis of this work, has 
been carried out by Shannon et al [Shannon 99]. Hydrogenated amorphous silicon 
carbide (a-SiCx:H) was used as the semiconductor in the MSM structures, with chromium 
(Cr) as the base contact and nickel (Ni) as the top contact metal. The sample structure was 
therefore Cr/a-SiCx:H/Ni and the preparation procedure, which is the same as for the 
devices in this report is discussed later in Chapter 6. Two of the samples used in this work 
were actually carried forward from their work. In their report [Shannon 99], they 
reported a number of interesting observations involving the a-SiCx:H. Firstly, they 
observed one device, which exhibited repetitive switching (from the low-conductance 
OFF state to a higher conductance ON state) prior to any pulse stressing. This is shown in 
Figure 2.27. Here we see that the device switches from a high current to a low current 
when a voltage of about IV is applied in the positive quadrant of the I-V scan and then 
back to a high current when a negative voltage is applied. The device was able to give the
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same characteristics over three successive I-V scans, ’without significant loss of symmetry. 
They attributed the behaviour of devices switching without the application of any 
forming pulse to a conducting filament, presumably formed during fabrication, most 
likely due to electrostatic discharge during handling or testing.
■1.0 -O-S 1.00.5 
voltage, V
*10
Figure 2.27: Pre-stress switching in silicon-rich a-SiCx:H at room temperature
(after [Shannon 99]).
Another important result from their work was an example of switching between 
conducting states having Poole-Frenkel type transport as shown in Figure 2.28. In this 
case the MSM structure was made using n-type a-SiCx;H. Three intermediate states were 
observed. The first state (a) was measured immediately after forming using a 2/vS 14V 
positive pulse. The device switched at ~1.2V positive and then again at «1.0V negative. 
The electric fields were «10^ Vcm’* at the switching points and similar to those observed 
in the ^ ty p e  sample in Figure 2.27. Log /  for levels {8) and (c) in Figure 2.28(a) was 
proportional to at the highest fields and the slope of the line was similar to that 
expected based on current transport via the Poole Frenkel effect with a relative 
permittivity of 8. This value of permittivity was obtained from capacitance 
measurements. From these results, they concluded that the switching shown in Figure
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2.28(b) between the two states {b) and (c) is due to a change in the number of defects in a 
defect band rather than a change in the composition or continuity of a filament.
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Figure 2.28: (a) Memory switching between three conductance levels (a, b, and c) at 
room temperature; (b) Poole-Frenltel behaviour for levels (b) and (c) after [Shannon 00].
2.3.5.S Defect Model (Current Induced Conductivity)
Current Induced Conductivity (CIC) in MSM diodes was reported following current 
stressing of diodes containing a-SiNx:H [Shannon 95]. In the defect model, conductivity of 
the device before current stressing is controlled by the emission of electrons over the 
reverse-biased metal-semiconductor barrier. However after current stressing, defects are 
generated in the bulk of the semiconductor presumably due to the breaking of existing 
bonds thus creating extra dangling bonds and as the density of the defects increases, a 
metastable defect band is created and carriers can move through the band by hopping 
between the charged states.
Metastability had previously been reported in a-Si:H via the Staebler-Wronski effect, 
where the photoconductivity of the material changed with prolonged exposure to light. 
The introduction of elements like carbon or nitrogen into a-Si:H causes an increase in the 
degree of disorder in the material and also causes and increase in the number of weak 
bonds which can be easily broken by the current stressing. The defect generation is
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presumed to be a result of the energy released during the recombination of electrons from 
the negative contact and the small number of holes injected from the positive contact 
[Shannon 94]. Figure 2.29 shows an illustration of the processes that occur with 
increasing current stressing -  taken from [Shannon 98], The device behaves like two 
back-to-back Schottky barriers before any current stressing (Figure 2.29(a)). The current 
is controlled by the reverse-biased (negative) contact and the barrier is very dependent 
on the metal chosen.
T t f 7^  / tF Jt¥
7 d b
Figure 2.29. Band diagrams of a-SiNx;H diodes during current stressing, (a) shows the 
equilibrium barrier-controlled state before stressing (b) moderate stressing and (c) creation 
of defect band and introduction of CIC after severe stressing
After a small amount of bipolar stressing (Figure 2.29(b)), the barriers at both ends tend 
to the same value and there is a slight decrease in the observed current. In the case of a- 
SiNx:H, the ^  Kcharacteristics move outwards. This is attributed to pinning of the barrier 
height by defects introduced in the amorphous alloy. The carbon in silicon carbide is 
thought to pin the barrier at high levels unlike the nitrogen in a-SiNx:H. However, 
nitrogen has been shown to be a donor in a-Si while carbon is not [Lucovsky 94]. After 
prolonged current stressing (Figure 2.29(c)), there is a remarkable increase in the low- 
field conductivity of the device and the J- V  characteristics change from a relationship 
where log / i s  proportional to F to  one where it is proportional to
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This is in line with Poole-Frenkel type of conduction where carriers are transported 
through a defect band made of a high concentration of defect centres in the vicinity of 
the band tails. The defect band and the CIC can be removed completely by annealing at a 
temperature dependent on the strength of the defect band and the band gap of the alloy. 
An example of returning a device to its original unstressed position by appropriate 
annealing conditions is shown for both a-SiNx:H and a-SiCx:H in Figure 2.30. A study of 
the defect generation rate among a-Si;H and its N and C alloys shows that defect 
generation is dependent on band gap but seems much faster in a-SiCx:H [Lan 00]. It has 
been suggested that weaker bonds involving carbon dominate defect formation and 
annealing unlike weak Si -  Si bonds as suggested earlier [Shimizu 98]. In the a-Si:H CIC 
experiments, Æpt was changed by altering the alloying conditions of the amorphous 
silicon i.e., the N and C content. We believe CIC to be the driving force behind the 
observed increase in Jq after current stressing.
I Initial
a • stressed 
b • 60*C anneal 
c -  100“C 
d -  140‘*C
a - stressed 
b -1 20*C anneal 
c -  re-stressed _
10'-10 -10-10 ■6 ■2 0 2 6
Voltage (V) Voltage (V)
Figure 2.30; Current-voltage characteristics for silicon-rich silicon nitride (a) or carbide 
(b). Current stressing was done using lOps, 2.5kHz bipolar pulses — (after [Shannon 98]).
This model is the main basis of our work and as mentioned earlier, we use ion 
implantation to introduce defects in the amorphous silicon prior to stressing. The 
electronic effects of ion damage, as well as the role of defects in hydrogenated amorphous 
silicon and its alloys have been studied [Swaaij 97, Lau 98, Shannon 99, Shannon 02], as
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well as the ability to adjust disorder in materials by using appropriate implantation 
parameters and conditions [Berntsen 93]. In these works, it has been shown that the 
defects created by ion bombardment introduce electronic states in the band gap, which 
act as trapping and recombination centres, thus affecting the free-carrier lifetime.
The increased disorder results in the broadening of the band tails and an apparent 
reduction in the effective optical band gap, Æpt. This in turn is accompanied by a shift in 
the position of the mobility edge and a reduction in the effective barrier height for carrier 
injection [Swaaij 97]. The relationship between the saturation current density Jo and the 
optical band gap has been studied in a-SiNx:H [Swaaij 97] and in a-SiCx:H [Gateru 2003] 
and it has been shown that Jq reduces with optical band gap in a-SiNx:H but stays more or 
less constant in a-SiCx:H. This is attributed to the lack of barrier pinning in a-SiCx;H. The 
lack of a net negative space charge has been though to result in unstable switching 
devices of a-SiCx:H [Shannon 98].
It has been found that the magnitude of the induced conductivity could be determined by 
the stress and annealing conditions in a controlled and reproducible manner for a-SiNx:H 
but not for a-SiCx:H [McGarvey 97]. It was proposed that due to the presence of the 
negative space charge in a-SiNx:H, there is a positive feedback mechanism present, where 
any weak spots in the diode which stress more rapidly tend to switch themselves off by 
generating more negative charge than the surrounding area of the diode. This feedback 
mechanism makes a-SiNx:H diodes particularly stable. In a-SiCx:H, no evidence of 
significant negative space charge is reported and the diodes are prone to non-uniform 
defect generation and breakdown.
A significant attribute of defects introduced by ion implantation is that the introduced 
defects can be partly removed by annealing. The dependence of Æpt on the implantation 
dose before and after annealing is illustrated in Figure 2.31(a). Here Æpt decreases 
significantly with dose before annealing. After annealing however, Æpt is still a bit low
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for the high doses implying that not all defects introduced by high doses are recovered by 
annealing.
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Figure 2.31: Optical baud gap plotted as a function of (a) implantation dose and (b) 
annealing temperature. The filled symbols in (a) represent data obtained before annealing 
for a-Si:H (circles), a-SiNx:H with 2.06 eV band gap (triangles) and 2.28 eV band gap 
(diamonds). The open symbols represent data obtained after annealing at 250°C. The filled 
symbols in (b) represent data from samples implanted at 1 X 10^  ^ ions/cm^ while the open 
symbols are those of unimplanted samples (after [Swaaij 97]).
Figure 2.31(b) shows Æpt as a function of annealing temperature and it can be seen that 
even at temperatures as high as 400°C, a complete recovery of the Æpt of the unimplanted 
material is not fully achieved. The advantage of annealing out of the defects is that once 
forming has taken place and defects are annealed, an even lower value of /o can be 
achieved. This would in turn result in higher switching ratios. This has been done in our 
labs and the results are reported later.
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3 Experimental Details
3.1 Device Structure
The devices used for this work were metal-semiconductor-metal (MSM) structures 
where the semiconductor was a thin film material sandwiched between two metal 
electrodes. Several types of samples were fabricated each with its own unique properties 
as will be discussed shortly. The samples were mainly 2” x 2" in area and hundreds of 
devices were fabricated on each sample over a common back contact. Glass was used as 
the main substrate. The back contact remained the same (CrN) while the top contact 
was either Nickel (Ni) or Chromium (Cr). The semiconductor material was either 
hydrogenated amorphous silicon carbide or basic unalloyed hydrogenated amorphous 
silicon. Figure 3.1 shows a cross-section of a typical sample containing several devices 
on the same substrate.
Ni/Cr
a-SiCx:H 
or a-Si:H
CrN
G lass
Figure 3.1 A schematic illustration of the metal-semiconductor (MSM) devices used in 
this rep o rt The top nickel (Ni) metal was later changed for chromium (Cr) and the a- 
SiCx:H changed for a-Si:H.
3.2 Sample Preparation
Most of the samples were fabricated outside the department w ith the a-SiCx:H samples 
being fabricated at the Department of Electronic Engineering at the University of 
Swansea whereas the a-Si:H samples were prepared at the Philips Research Laboratories
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at Redhill. This was because the two institutions had high quality deposition 
equipments, which would ensure high quality devices.
Shower-head Gas Inlet
rf power
Substrates
Heater
Gas
Handling
Unit
Roots and Rotary Pump 
Combination or 
Turbo Pump
RF Power Supply
Control Unit
Figure 3.2 The Plasma Enhanced Chemical Vapour Deposition system
Figure 3.2 shows the sketch of a typical Plasma Enhanced Chemical Vapour Deposition 
(PECVD) system used to deposit the devices in this work. Both a-SiCx:H and a-Si:H 
devices were deposited in such a system. In fabrication a glass substrate was used for all 
the devices both the a-SiCx:H and the a-Si:H. A chromium nitride (CrN) back contact 
was deposited onto the glass substrate using reactive ion sputtering of Cr in a nitrogen 
atmosphere. For the a-SiCx:H, a 95nm thick amorphous silicon carbide layer was 
deposited over the CrN in the PECVD system of Figure 3.2 at a tem perature of 320°C 
using methane (CH4) and silane (SiH4) gases. For the a-Si:H, the same process was 
applied though the film thickness was varied several times for reasons explained in 
more details later. Silane gas was used to deposit the a-Si:H devices at 250°C. The 
hydrogen content was = 30 atm% in the carbide and ==10 atm% in the a-Si:H. As
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mentioned before, the main aim of this project is to use ion bombardm ent to introduce 
dangling bond defect states into the semiconductor films and compare these w ith doped 
devices. Thus we had to fabricate both doped and ion bombarded devices. To achieve 
either n  or />-type devices, diborane (BzHô) or phosphine (PHs) gases were used, 
respectively, and these were introduced into the deposition chamber together w ith the 
other material deposition gases.
Using a metal mask, numerous circular nickel (Ni) top contacts were evaporated for the 
silicon carbide samples, whereas for the amorphous silicon samples, rectangular 
chromium (Cr) contacts were sputtered and defined photolithographically. The top 
contacts for both cases were approximately 4 x 1 0 cm^ in area. Due to the common 
back contact and the patterned top contacts, it was possible to perform numerous tests 
on only one substrate as each of the contacts represented an independent device. The 
chance of any interference between the devices was expected to be minimal as current 
transport was cross-sectional and not coplanar.
Amorphous Silicon carbide
Device Band gap (eV) Substrate Thickness (A) Doping Implant
77-type 2.0 C rN 950 PHa 0.05% N o n e
B o m b a r d e d 2.2 C rN 950 N o n e Si28
R e f e r e n c e 2.2 C rN 950 N o n e N o n e
/7 - ty p e 2.0 C r N 950 B 2H 6 0.05% N o n e
Table 3.1: Material properties of the hydrogenated amorphous silicon carbide (a-SiCx:H) 
devices
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The properties of the various types of devices deposited and used in this work are 
tabulated in the tables below. Table 3.1 shows the properties of the a-SiCx:H samples 
both doped and undoped. The ion bombarded and the reference undoped unbombarded 
samples were deposited on the same substrate, one half being implanted w ith Si^ ® ions 
and the other half being unimplanted. For the doped devices, the n- and the />-type 
devices were deposited on separate substrates.
Amorphous Silicon batch 1
Section Substrate Thickness (A) Implant dose
Section 1 CrN 1000 None
Section 2 CrN 1000 1 X 10*2 cm'2
Section 3 CrN 1000 5 X 10*2 cm'2
Section 4 CrN 1000 2.5 X 10*® cm'2
Table 3.2 Material properties of the hydrogenated amorphous silicon (a-Si:H) devices first set
Tables 3.2 and 3.3 shows the properties of the a-Si:H samples examined, together w ith 
their implant doses. As will be discussed later in the results chapter, the  second batch of 
samples in Table 3.3 was a necessary follow-up to the first set. The only difference 
between the two sets of samples was the range and interval of im plant doses used 
among the various sections on the samples. In the first batch, the dose was varied 
between 1 x 10*^  cm  ^and 2.5 x 10^ ® cm^ in three intervals of 1 x 10*^  cm^, 5 x 10^^ cm'^ 
and 2.5 x 10^ ® cm'^. However, a smaller dose range (1 X 10‘^  cm'^ -  1.5 x 10*® cm'^) was 
used in the second samples and the increments between the sections w ere reduced. Five 
bombardment doses were used, w hich are 1 x 10*^  cm'^, 2 X 10*^  cm'^, 5 x 10*^  cm'^, 1 X 
10*® cm'^ and 1.5 x 10*® cm These samples and their various properties are shown in 
Table 3.3.
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Amorphous Silicon batch 2
Section Substrate Thickness fAl Implant dose
Section 1 CrN 700 None
Section 2 CrN 700 1 X 10*2 (.jjj-2
Section 3 CrN 700 2 X 10*2 cm-2
Section 4 CrN 700 5 X 10*2 cm-2
Section 5 CrN 700 1x10*® cm'2
Section 6 CrN 700 1.5 X 10*® cm'2
Table 3.3 Material properties of the hydrogenated amorphous silicon (a-Si:H) devices second 
set. Dose range and dose increments among the various sections are reduced.
Later, it was necessary to carry out scaling experiments to check how  the electrical 
characteristics, forming properties and switching properties varied w ith  the thickness of 
the semiconductor films of the MSM devices. For this, three new  samples were 
fabricated, each w ith its own thickness.
Amorphous Silicon batch 3(a) — Varying thicknesses
Sample Thickness fnm') Energy (keV) Dose fS128)
1 500 20 5 X 10*2
2 500 None
3 700 30 5 X 10*2
4 700 None
5 1000 40 5 X 10*2
6 1000 None
Table 3.4 Devices for thickness comparisons in hydrogenated amorphous silicon (a-Si:H).
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The three devices were 50nm, 70nm and lOOnm thick. A common dose of 5 x 10*^  cm  ^
was used in  all the three samples but the bombardment energy was varied. This was set 
at 20keV, 30keV and 40keV for the 50nm, 70nm and lOOnm thick devices respectively. 
The difference in the bombardment energy was to ensure that the peaks of the damage 
profiles of the implants were located approximately at the centre of the a-Si:H film 
between the metal electrodes to ensure good uniformity and symmetry of the 
characteristics after bombardment. An unbombarded reference was fabricated for each 
sample for comparison w ith the bombarded counterpart. Table 3.4 is a tabulation of the 
properties of these varying thickness samples including their bombardm ent doses and 
energies.
Amorphous Silicon batch 3(b) — Modified top barrier samples
Sample Thickness fnm) Implant Dose Energv fkeV)
1 100 p 31 2 X 10*2 10
2 100 BF2 5 X 10*2 10
3 100 BF2 1 X 10*® 10
4 100 None 0 0
Table 3.5 Devices for investigation of switcliing dependence on the barrier present at the top 
contact in hydrogenated amorphous silicon (a-Si:H) MSM memory devices.
Another series of samples were fabricated in  w hich impurities were used to modify the 
top contact using shallow dopant implantation. By implanting the devices w ith shallow 
implants, the impurities would be concentrated at or very near the top contact and very 
far from the bottom contact. After activation, only the properties of the barrier at the 
top contact would be affected while the barrier at the bottom a-Si:H/Gr contact would 
remain unchanged. These samples were fabricated in the same m anner as those above. 
However, different ions were used in this case to create either n-type (P®* ions) or p- 
type (Bp2 ions) shallow layers. The thickness of the devices was kept constant at lOOnm.
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A common bombardment energy of lOkeV was also used. The different sample 
properties are listed in Table 3.5.
3.3 Current-Voltage (I-V) measurements
Current-voltage measurements in this work were carried out using a DC 1-V 
measurement kit. The kit was connected to a computer and all the measurements were 
ran automatically by a computer program. However, sample loading and alignments 
were carried out manually. The circuit diagram of the I-V measurement kit w ith its 
various components is illustrated in Figure 3.3.
Keithley
Voltage
Source
PC
(Computer 
control & data 
processing)
Printer
Drive
Unit
Keithley
ammeter
Water-cooled 
sample holder Heater and 
Temperature 
Controller
Figure 3.3 Basic arrangement of the computer-controlled DC I-V measurement kit.
To take a measurement, the sample was placed on the water-cooled sample holder and 
contacts were made to it using gold plated probes. The gold plated probes were vital 
especially in the nickel topped a-SiCx:H devices as chromium or tungsten probes 
tended to scratch off or dig into the top metal contacts during probing. For the undoped
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samples, positive biasing implied a positive pulse was applied to the top contact. For the 
doped samples however, bias direction meant the appropriate polarity applied to the top 
contact, i.e., positive for the />-type and negative for the /z-type. The effect of the 
various polarities on the forming and switching mechanism are discussed later in the 
results chapter. For I-V intakes, the voltage signal was applied in  constant ramps 
applied to the top metal contact of the MSM structures, w ith  the common back contact 
grounded. The usual parameters for the I-V measurements w ere as follows. I-V scans 
for comparison of current levels before any pulse stressing (especially for the thickness 
or doped devices to check their pre-stress current levels) were done to voltage 
maximums of up to ± 5V. The voltage was increased at voltage ramps of = 0.05 V at time 
intervals of 0.01s.
For I-V scans taken after the device was stressed and during stressing, i.e., between 
concurrent stresses to check the device conductance levels following the stressing were 
carried out in the voltage range of -0.6V -  +0.6V. The voltage ramp was in steps of 
0.025V and at time intervals of 0.01s. The shorter voltage range was im portant to ensure 
that the I-V scan does not significantly interfere w ith or alter the device conductance 
levels by passing huge amounts of power through the device. It has to be mentioned 
that all the I-V scans were done in the positive bias direction first and then in the 
negative quadrants, i.e., positive up, positive down, negative up and finally negative 
down.
3.4 Pulse Stressing
Pulse stressing was carried out using a Philips stressing gear, which comprised of a -30V 
to +30V pulse generator, a driver kit w ith variable rise times, and an external trigger, 
w hich provided more options for varying the pulse signals. Initially, the single shot
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pulses used in the stressing were controlled from this external trigger. However, several 
modifications were later carried out on the main pulse generator to accommodate the 
various functionalities of the external trigger and more, hence the external trigger was 
not needed anymore. A high performance digital oscilloscope was also incorporated in 
the stressing kit.
External
Trigger
Plotter
Universal TFD 
Tester (Pulse 
Generator)
Voltage monitor
Digital
OscilloscopeTFD Driver
J-^ AA/VSample
■Current monitoi
Current-limiting resistor
RC Cancelling kit
_______ Trigger monitor________ ^
Figure 3.4: Layout of the pulse-stressing system.
This was used for monitoring the device behaviour during the stressing and also for 
output of the stressing signals onto a plotter. The oscilloscope was later interfaced with 
a computer for direct acquisition of the current and voltage signals during stressing 
without the need of a plotter. The configuration of the stressing kit is illustrated in 
Figure 3.4. The minimum pulse length that could be obtained w ith the pulse generator 
was 2.5us, which was sufficient for all the stressing operations in this work. However, 
longer pulse lengths of up to 2500s were possible. The 2.5/Æ minimum pulse length was
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initially used for almost all the forming operations in  this work. This was because this 
was similar to the line addressing time used in  flat panel displays (32//s) w here there are 
potential applications for these devices. However, a 4//s pulse was later adopted for 
forming purposes. This happened after it was noted that some devices failed to form at 
certain voltages w ith  the 2 . 5 / / S  pulse but formed at the same or sometimes lower 
voltages w ith  a higher pulse length. This is consistent w ith a model in w hich a specific 
amount of energy is required to form the devices. Since energy is pow er ( F i)  x tim e (t), 
longer times mean more energy is passed through the devices and hence lower voltages 
are required to form the devices.
The longer pulses were therefore used for forming in an attempt to keep the forming 
voltages low. These were used continuously and longer pulses were used only in the 
investigation of the dependence of forming characteristics on the length of the forming 
pulses. Results from these experiments are discussed later. All the forming was done 
using single-shot voltage pulses unlike continuous current pulses used in forming by 
current stressing [Hu 00]. Generally, positive pulses were used for forming the devices, 
negative pulses were used to switch the devices OFF and positive pulses were used to 
switch the devices ON again and the process repeated over several cycles w ith the 
alternating polarities.
Alternating from one polarity to the other during stressing was done manually on the 
pulse generator and the whole process of switching one device over several cycles was 
quite cumbersome as it involved manually moving the sample from the stressing kit to 
the I-V kit after every single pulse to take I-V scans to check any changes in the device 
conductance. About 10 — 40 of such cycles would be carried out on each device. Taking 
low-voltage I-V scans after the application of each stressing pulse was necessary
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especially in determining the nature of the changes occurring w ith in  the devices as the 
pulses are applied. This was quite useful especially in  determining analog and digital 
switching mechanisms. Due to the capacitance effects arising from the probe contacts 
on the sample, a variable resistor and capacitor were used to compensate for these. This 
is labeled RC cancelling k it in  Fig. 3.4.
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4 Electrical Characteristics of MSM Structures
4.1 Introduction
The electrical characteristics of metal-sem iconductor-m etal (MSM) switching 
devices of a-Si:H and a-SiCx:H are presented in  this chapter. Both as-deposited 
devices and modified devices are considered. The main aim of this is to investigate 
the uniform ity of the  characteristics of the devices before forming and switching, 
and, to investigate the conduction processes involved. Various methods such as 
current stressing [Hu 00] and doping [Shannon 99] have been used previously to 
modify as-deposited MSM devices for switching experiments. As discussed 
previously, we have used ion-bom bardm ent in  this w ork as a novel tool for 
modifying these devices in  an attem pt to obtain better uniform ity and to increase 
the reproducibility of the observed switching properties.
W e will start by exam ining the conduction characteristics of as-deposited 
unbom barded undoped MSM devices of both  a-SiCx:H and a-Si:H. These are then  
compared to the characteristics of both doped and ion bom barded a-SiCx:H and a- 
Si:H devices in  w hich defects have been introduced by external processes of 
doping and ion bom bardm ent. W e refer to it as ion bom bardm ent rather than  ion 
im plantation because in  this case the a-Si:H and a-SiCx:H are bom barded w ith  Si 
ions and hence only damage is introduced into the material. The m ajority of the 
defects introduced are dangling bond defects that create defect states in  the band 
gap of the sem iconductor material.
V ariation of the electrical characteristics w ith  the thickness of the  sem iconductor 
films in  ion bombarded a-Si:H MSM devices is discussed and presented. Electrical 
characteristics of a-Si:H devices im planted w ith  shallow dopant im purities (BF2 for 
/>-type doping and PHa for n-doping) are also discussed. The shallow im plants alter
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the barrier at the top contact of the devices after annealing and this was done to 
investigate the effect, if  any, of altering one of the barriers, on th e  switching 
properties of the devices. The characteristics of these devices before and after 
annealing are given. Finally, dynam ic transients showing I-V characteristics of the 
a-Si:H MSM devices at high voltages — voltages that could not be m easured by the 
low voltage DC I-V system -  are presented.
4.2 Undoped unbombarded MSM devices
As-deposited m etal-sem iconductor-m etal (MSM) devices in  a-Si:H behave like 
tw o Schottky diodes back-to-back. Conduction through these devices is therefore 
greatly dependent on and lim ited by the barriers present at the m etal contacts at 
both  ends of the devices. Conduction occurs by therm ionic emission of carriers 
over the barriers and is m ainly lim ited by the reverse-biased barrier. W e expect 
the I-V characteristics o f these devices therefore to be in  agreem ent w ith  barrier- 
controlled conduction and the results from devices of a-SiCx:H and a-Si:H are 
presented.
4.2.1 Hydrogenated amorphous silicon carbide
Figure 4.1 shows the I-V characteristics of undoped unbom barded MSM devices of 
a-SiCx;H. The asymm etry observed betw een the positive and the negative 
characteristics is clearly evident in  this linear plot. The asym m etry indicates that 
the tw o barriers at the  ends of the MSM devices are different and there is 
dom ination of one of the barriers. C urrent flow is therefore lim ited by one of the 
barriers, w hichever is reverse biased. In  such devices, the log of the current 
density (J) is assumed to be proportional to the applied voltage (V). This w ill be 
discussed in  more details later.
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Figure 4.1: I-V characteristics of a barrier-controlled a-SiCx:H device 
The barrier effect is more evident in the Poole-Frenkel plot of Figure 4.2. In this 
case not only is there no symmetry betw een the positive and negative I-V’s, there 
is no evidence of bulk-controlled conduction. Though the P-F plot results in a 
seemingly linear relation betw een ln|y| and the square root of the electric field {E) 
as would be expected for bulk-controlled devices, the perm ittivity values obtained 
from their slopes w ere absurd for a-SiCx:H devices. W e saw from equation 2.28 
that the factor ^  fluctuates betw een 1 and 2 hence acceptable perm ittivity values 
w ere only those up to half of the nominal value of the material.
Unbombarded undoped a-SiCx:H
4— Positive bias 
♦ - Negative bias
-20
0 500 1000 1500 2000 2500
Figure 4.2: Poole-Frenkel plot for unbombarded undoped a-SiCx:H sample
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W e therefore concluded that there is no evidence of bulk-controlled conduction 
in the as-deposited a-SiCx:H devices.
4.2.2 Hydrogenated amorphous silicon (a-Si:H)
Figure 4.3 is a P-F plot of the reference unim planted sample of a-Si:H in  w hich no 
defects have been induced deliberately during processing. As we can see, there is 
no sym m etry between the polarities as expected for a barrier-controlled device, 
and similar to the case of the a-SiCx:H above, though there seems to be linear 
dependence of In \J\ w ith  absurd values of perm ittivity w ere obtained.
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Figure 4.3: Poole-Frenkel plot for unbombarded a-Si:H sample showing the 
asymmetry of the I-V’s and the nonlinearity of In \J\ with
4.2.3 Thickness dependence of barrier controlled devices
In Figure 4.4, the I-V characteristics of three devices of differing thickness are 
presented. The devices are 50nm, 70nm and lOOnm thick and have uniform ity in 
the I-V characteristics that is exceptional in comparison to others, w ith  little or no 
spread. The linear dependence of log /  w ith  voltage is evident here in accordance 
w ith  a barrier-controlled conduction process. Using Equation. 4.1, the thickness of 
the devices can be calculated from the plots of ln|y| against V using a tunnelling
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constant (a) of 4nm [Nieuwesteeg 93].
J = J q exp -ccEs)kT (4.1)
w here ^  is the barrier height, a  is the tunnelling constant and E  is the electric 
field w hich can be expressed as V / <7 w here V is the voltage and <7 is the thickness 
of the semiconductor film. From Equation 4.1, the slopes of the curves (dln/dV ) 
would therefore be expressed as;
d l n7  _ q a  
dV ~~kT~d (4.2)
Knowing the value of a , d  can therefore be calculated easily from Equation 4.2.
50 nm 70nm
100nm1.E-07
50nm
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Figure 4.4: Current comparison for unbombarded devices of thickness 50nm, 70nm 
and lOOnm.
This has been done and from the slopes of ln|y| against V for these devices in the 
forward direction, thicknesses of 48nm, 70nm and 108nm have been calculated for 
the a-Si:H devices of varying thickness and these are in very good agreem ent w ith 
the nominal thicknesses of the devices. This good agreement emphasises further 
the barrier controlled nature, characterised by the linearity of lo g |/ against V, for 
these as-deposited a-Si:H devices.
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4.3 Defects and Poole-Frenkel behaviour in MSM 
Structures
Having exam ined the behaviour and characteristics of the as-deposited devices, w e 
now  tu rn  our atten tion  to devices w here a good proportion of defects, m ainly 
dangling bond defects tha t create defect states in  the band gap of the 
semiconductor, have been introduced deliberately. As m entioned before, the aim 
of doing this is to try  to change the nom inal conduction characteristics of the 
devices in  an attem pt to make them  more reproducible. The theory  of defect 
generation during pulse stressing of the  MSM devices in  hydrogenated amorphous 
silicon alloys is thought to be related to the process of electron-hole 
recom bination in  the semiconductor. The energy released during electron-hole 
recom bination breaks weak Si-H bonds, resulting in  silicon dangling bonds. W ith  
further stressing, the defect density increases to a point w here presum ably a defect 
band is created in  the sem iconductor and the MSM devices are no longer barrier- 
controlled but bulk controlled. Conduction then  occurs by carriers hopping along 
the defect states in  a Poole-Frenkel type of conduction.
Dangling bond defects can also be introduced by doping since there is 
therm odynam ic equilibrium  betw een defect states tha t are three-fold coordinated 
and four-fold coordinated. Doping shifts the position of the Fermi level from mid­
gap towards the band edges. This determ ines w hether or not donors and acceptors 
are ionised and therefore changes the electron occupancy of the defects in  a-Si:H. 
The shift of the Fermi level to higher energies w ith  doping raises the donor 
form ation energy w hile decreasing the dangling bond form ation energies for n- 
type doping w hile the opposite happens for />-type doping w here shifting the 
Fermi level towards lower energies increases the acceptor form ation energy and 
decreases the dangling bond defect form ation energy, thereby increasing their 
density.
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The dependence of the forming energy on the position of the Fermi level in the 
band gap of a-Si:H is illustrated in Figure 4.5 [Street 91]. Uno is the formation 
energy of a neutral donor, Lko is the formation energy of a neutral defect while 
is the formation energy of a neutral acceptor. Æ, is the donor level, the acceptor 
level, w hile Ed\ the level from w hich the electrons fall to the Fermi level in case of 
an acceptor, Eai the level to w hich electrons fall in the case of donors.
DefectAcceptor
Donor
Fermi energy position 
Figure 4.5: Formation energies of defects and dopants in a-Si:H as a function of 
the position of the Fermi energy in the band gap
W e can see that as the Fermi level is pushed upwards in the case of the donor, the 
formation energy of the donors increases w hile that of the defects decreases. This 
results in higher defect densities as the doping is increased. The same case applies 
for the acceptors for example in the case of boron doping. Dangling bonds act as 
compensating defects for ionised dopants in a-Si:H thus implying tha t doping can 
be assumed to interact w ith  the a-Si:H structure to create extra defects after 
doping. This phenom enon is w hat makes doping a viable means of introducing 
defects in MSM structures for memory switching applications.
A nother way in w hich defects can be introduced into the semiconductor material 
of the MSM structures is that of ion bombardm ent. This is the first tim e that this
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technique is being used and in  the  next three chapters, we w ill consider the  merits 
and problems of it as com pared to the other techniques, especially doping. M uch 
w ork has been carried out on ion bom bardm ent of both  crystalline and amorphous 
materials. Ion bom bardm ent greatly increases the disorder in  the  a-Si:H network. 
This leads to an increase in  the density of dangling bond defects, introducing 
electronic states in  the band gap. There is a high increase in  the w id th  of the band 
tails, characterised by an increase in  the Urbach energy w hich  is related to  w eak 
Si-Si bonds. The induced gap states act as trapping and recom bination sites, greatly 
reducing the  free-carrier lifetimes. Though not all the defects can be recovered by 
annealing, part of the defects can be annealed out at appropriate tem peratures in  a 
m anner dependent first on the  diffusion of hydrogen and on the  bom bardm ent 
dose used.
The shape of the  J -V  characteristics of annealed devices indicate tha t current 
transport is barrier-controlled as opposed to  the as-im planted devices w here 
transport occurs in  the bulk of the sem iconductor in  a Poole-Frenkel type of 
emission due to the  large density of defects present. Defects introduced in  this 
m anner are believed to be more uniform  as opposed to those introduced by other 
techniques. W e do not suppose or expect the  ion-bom barded devices to be more 
superior than  those form ed by doping or curren t stressing. O ur aim is to try  and 
reproduce results obtained by those techniques w hile exploiting the  uniform ity of 
the ion-bom bardm ent induced defects to try  and develop m uch m ore stable and 
reproducible switching devices. But, another major advantage of using ion 
bom bardm ent is tha t part of the dangling bond defects introduced in  this m anner 
can be annealed out to partly recover the  off-current of the devices, resulting in  
m uch higher switching ratios.
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4.3.1 />-doped a-SiCx:H
Figure 4.6 shows a current-voltage characteristic obtained from the slightly p>- 
doped silicon carbide MSM sample. It can be seen that there is a fairly good 
symmetry between the positive and negative bias characteristics. This goes to 
prove that the devices are bulk-controlled rather than Schottky barrier controlled 
after the doping. As we saw earlier, Cr/a-Si:H/Cr barrier-controlled devices will 
have asymmetric characteristics as one barrier is higher than  the other.
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Figure 4.6: I-V characteristics of a BzHe doped a-SiCx:H sample
0.6
In the case of doped silicon carbide, there is a slight asym m etry in the 
characteristic, w ith  the negative current being slightly higher than  the positive 
current. This could be due to some asymm etry in the doping profile. As m entioned 
before, we believe that the presence of defects in these MSM m em ory devices 
w ould aid in the observation of stable and easily reproducible m em ory switching 
w here conduction occurs via Poole-Frenkel (P-F) conduction through the bulk of 
the semiconductor unlike the case of barrier-controlled devices w here for example 
the quality of the barriers at the metal contacts w ould greatly affect the 
conduction process. Such external factors are elim inated to a great extent in bulk- 
controlled devices. The I-V characteristics of the /?-doped silicon carbide devices
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w ere investigated for P-F behaviour to establish its presence. This was done using 
the Poole-Frenkel equation given earlier, w hich is;
J  = C Eexp (4.3)
w here C  is a constant, E  is the electric field, 0  is the barrier height, ^ fluctuates 
betw een 1 and 2 depending on acceptor compensation in the material, w hich in 
tu rn  is dependent on the position of the Fermi level in the band gap w hile is a 
material param eter given by;
P  = Tte^ e (4.4)
w here & is the relative perm ittivity of the amorphous semiconductor. Plotting In 
|y| against E'^ should therefore yield a straight line, and a reasonable value of 
relative perm ittivity & for a-Si:H should be obtained if the conduction is bulk- 
controlled Poole-Frenkel. Figure 4.7 shows such a P-F plot for the I-V 
characteristics of the doped silicon carbide device of Figure 4.6. As can be seen, a 
straight line is obtained for both the positive and the negative I-V’s, suggesting the 
presence of Poole-Frenkel conduction in the bulk of the silicon carbide films.
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Figure 4.7: Poole-Frenkel plot for the device of Figure 4.6 showing the plots for 
both the positive and negative I-V scans. & « 6.4 was calculated from the slopes.
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The perm ittivity can be obtained from the slope of the curve via Equation. 4.3 and 
in this case a perm ittivity of = 6.4 was obtained. This is a reasonable estimate for a- 
SiCxrH. W e can therefore postulate that the doping process in hydrogenated 
amorphous silicon carbide devices results in the creation of a defect band in the 
semiconductor and conduction occurs by carriers hopping along these defect states 
in a Poole-Frenkel type of conduction. Switching has in fact been reported to 
occur betw een tw o states of a defect band [Shannon 99].
4.3.2 /?-doped a-SiCx:H
A typical I-V plot for /z-doped a-SiCx;H MSM devices is show n in Figure 4.8 and 
the Poole-Frenkel plots for both the positive and negative polarities of the I-V 
curves are given in  Figure 4.9.
<
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Figure 4.8: Typical I- V  characteristics of a 95nm thick PH3 doped a-SiCx:H 
device.
From Figure 4.9, we can see that there is a fairly linear relationship betw een In |y| 
and the square root of E. This implies that a significant defect density exists and 
hence these devices can be assumed to exhibit Poole-Frenkel type of conduction. 
The small asymmetry in the I-V characteristics of these devices can be attributed
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(similarly to that in the /7-type devices) to some asymmetry in the doping profile.
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Figure 4.9: P-F plot for both positive and negative polarities on the PH3 (n)-doped 
a-SiCx:H device
4.3.3 Ion-Dam aged a-SiCx:H
The main difference betw een the doped devices of Section 4.1.1 and the 
bombarded structures considered in this section is the fact that the implants in the 
former are impurities and are activated by annealing, whereas in this case, silicon 
(Si^ ®) ions are used to bombard (damage) the semiconductor film and are 
unannealed and hence inactive. The majority of the defects resulting from this 
process are dangling bond defects and the use of Si^ ® ions on silicon ensures that 
annealing would only result in the phasing out of a part of the dangling bonds and 
hence a reduction in the defect density, but not in the activation of the impurities. 
The effects of annealing on the switching process are discussed later in this 
chapter.
A comparison of the I-V characteristics of the doped and the bom barded samples 
is shown in the red (a) and blue (b) plots, respectively, in Figure 4.10. A few plots 
from an undoped unbom barded sample (c) are also included for comparison. A
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very noticeable observation is the difference in the current densities between 
samples (a) and (b) in w hich defects are induced as compared to the as-deposited 
devices (c). This is also in accordance w ith  Poole-Frenkel conduction w here in the 
case of the defect-containing samples, an increased am ount of curren t is carried 
through the semiconductor as a result of the increase in the defect density. 
Carriers travel by hopping across the defect states. An increase in current of 
almost two orders of magnitude is obtained.
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Figure 4.10: Comparison of the pre-stress I-V characteristics of (a) doped, (b) 
bombarded undoped, and (c) unbombarded undoped a-SiCx:H MSM devices
The difference in the nature of the defects is seen from the shapes of their 
characteristics in Figure 4.10, especially at low voltages. The characteristic of the 
doped device exhibits a sharp increase in / a t  lower voltages, w hich flattens more 
rapidly at higher voltages whereas for the bombarded device, there is a gradual 
increase of current w ith  voltage. This could be related to the presence of charged 
defects in  the doped device as opposed to the neutral defects in the ion-damaged 
device. From the Poole-Frenkel plot of the bombarded silicon carbide device 
shown in Figure 4.11, an almost perfect symmetry is obtained betw een the 
positive and negative biases. This symmetry compared to the P-F plots for the
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doped a-SiCx:H devices in  Sections 4.3.1 and 4.3.2 might go to prove tha t it may 
be easier to obtain m uch more uniform  devices w ith  ion bom bardm ent than w ith  
doping.
Bombarded undoped a-SiCx:H
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Figure 4.11: Poole-Frenkel plot for bombarded undoped a-SiCx:H, wbich gives an 
£t of 6.5 based on the slope of the curve.
It is expected that this symmetry in the ion-damaged devices w ould result in more 
uniform  and reproducible forming and switching characteristics. The straight-line 
characteristic of the In |y[ vs E'^ plot (w ith a perm ittivity of = 6.5) for the ion- 
bombarded a-SiCx:H devices indicates the presence of Poole-Frenkel conduction 
in these samples. This is in contrast to the barrier-controlled devices of Figure 4.1.
-K 1 /2
4.3.4 Ion-Dam aged a-Si:H
Two sets of hydrogenated amorphous silicon (a-Si:H) samples w ere fabricated as 
m entioned in the Experimental Details chapter. These w ere only ion bombarded 
and not doped. This is because ion bom bardm ent is the technique under 
investigation here and following the comparison above betw een the doped and 
bombarded devices of silicon carbide and the establishment that both techniques 
result in Poole-Frenkel conduction but w ith  greater uniform ity in the ion 
bombarded devices, it was felt necessary to concentrate on ion bom bardm ent in
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the a-Si:H samples. The first set of a-Si:H devices comprised of a 2” x 2” sample 
divided into four quadrants on one glass substrate. Three of the quadrants w ere 
bombarded w ith  S P  doses of 1 x 10^  ^ cm^, 5 x 10’^  cm^ and 2.5 x 10’^  cm w hile 
the fourth quadrant was unbom barded (to be used as a reference against the 
bombarded sections).
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Figure 4.12: Current-voltage comparisons for ion bombarded a-Si:H sample bombarded 
in different sections at 1 X 10  ^ cm^, 5 X 10  ^ cm^ and 2.5 X 10*^  cm^. One section was 
unimplanted and used as a reference
Figure 4.12 shows a comparison of the current levels obtained from the various 
sections on these samples, including the unim planted reference. As expected, the 
current increases w ith  increase in dose due to the increase in the defect densities 
in the a-Si:H films and thus increasing the possibility of carriers hopping across 
the film along the defect states. One noticeable observation is that at a dose of 1 x 
lO'^cm  ^ the current level does not rise above the unim planted reference. A 
threshold dose and therefore, a threshold defect density, appears necessary for 
transform ing the as-deposited devices into switching-ready devices. This is 
because a quantity of defects is required to transform the as-deposited MSM 
devices into bulk controlled structures, rather than barrier controlled devices.
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A second set of bombarded a-Si:H samples was fabricated after the above 
m entioned three doses. The samples in  the second set w ere almost identical to 
those of the first set shown in Figure 4.12 w ith  only the dose increm ents in this 
case being smaller than previously w hile the dose range was reduced. The reason 
for this w ill be explained in a bit more detail later but a brief explanation is given 
below. Following forming and switching experiments previously, it was observed 
that the switching characteristics, and especially the forming characteristics 
differed greatly w ith  dose for the three doses of 1 x lO’^ cm^, 5 x lO'^cm  ^and 2.5 x 
lO^^cm It was therefore decided to reduce the dose increm ents in an attem pt to 
optimise the characteristics. The maximum dose was also reduced from 2.5 x 
lO'^cm^ to 1.5 X lO'^cm Five doses w ere im planted and the details of these are 
given in  the Experimental Details chapter.
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Figure 4.13: Current-voltage comparisons for ion bombarded a-Si:H sample
bombarded in different sections at 1 X 10*^  cm^, 2 X 10  ^cm^, 5 X lO^ c^m ,^ 1 X 10  ^cm^ 
and 1.5 X lO^ c^m^ . One section was unimplanted to act as a reference.
The I-V characteristics for this second set of samples are show n in Figure 4.13. It 
has to be noted that the I-V characteristics exhibited great uniform ity for each 
dose. In Figure 4.13, the I-V characteristics are actually groupings of 
approximately ten  I-V curves for each dose and as it can be seen, there is
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minimum, almost no spread among the I-V’s. This uniform ity could be attributed 
to uniform ity in the bom bardm ent profiles of these MSM devices. The systematic 
increase in current w ith  presumed increase in defect density after bom bardm ent is 
clearly evident. As the bom bardm ent dose is increased, the density of defects 
induced in the a-Si:H material increases considerably and the probability of 
carriers hopping across these defect states increases greatly. This results in the 
increase of current density at high doses. It has been reported elsewhere [Swaaij 
97] that after high im plantation doses > 4 x 10*^  ions cm^, the value of Jo tends to 
saturate and any further increase in  dose does not alter the curren t density 
obtained. It m ight therefore be unnecessary to bombard such devices at extremely 
high doses. Also, the recovery of the induced damage by annealing becomes 
increasingly difficult at high doses. A residue am ount of defects remains even after 
high tem perature annealing.
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Figure 4.14: Poole-Frenkel plots for all doses in a-Si:H
6000
The increase in current density w ith  defect density can be seen m uch more clearly 
in the Poole-Frenkel plots for the five doses including the unbom barded reference 
as shown in Figure 4.14. In this diagram, we see that at low doses, the conduction
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mechanism of the bombarded devices is almost similar to that of the reference 
undoped unbom barded devices implying that at these lo^v doses (< 2 x 10’^  cm^), 
the effect of the barriers is still quite significant. But as the bom bardm ent dose is 
increased and presumably the defect density too, the linearity of the In \J\ vs. E'^ 
characteristic denoting bulk control begins to emerge. It m ight therefore be safe to 
conclude that a particular dose is required in the bom bardm ent of these devices 
for the observation of reproducible and symmetric bulk-controlled characteristics. 
W e w ould put this at approximately 2x10'^ cm  ^and greater.
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Figure 4.15: Poole-Frenkel plot for both polarities of an I-V characteristics taken 
from an a-Si:H sample implanted at 5 X 1 0 ^^ cm ^
A comparison of the Poole-Frenkel behaviour for both polarities from a typical 
device in the ion-bom barded devices is given in Figure 4.15. This was obtained 
from the I-V characteristics of a device bombarded at 5 x 10*^  cm'^ and as can be 
seen, the device shows perfect symmetry for both the positive and negative I-Vs. 
The relative perm ittivity of a-Si:H obtained from the slope was = 6.1.
4.3.5 Thickness dependent characteristics
Figure 4.16 shows the I-V characteristics of 50nm, 70nm and lOOnm thick Si-
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bombarded a-Si:H MSM devices. The devices were bombarded w ith  S P  ions at a 
dose of 5 X 10’^  cm  ^ each but the bom bardm ent energies w ere 20keV, 30keV and 
40keV respectively. This was done in  order to ensure that the induced defects 
w ere located at roughly the same position near the centre of the semiconductor 
films. The induced defects w ould transform these barrier-controlled devices into 
much more uniform  bulk-controlled devices w ith  enhanced sym m etry of the I-V 
characteristics as conduction is now via defect states in the m aterial and is almost 
independent of the barriers on each end of the devices. W e believe that this would 
result in much more uniform  forming and switching characteristics. Since the 
electric field in the devices varies w ith  the thickness, we w ould expect different 
forming voltages for devices of different thickness, w ith  the forming voltages 
scaling w ith  thickness.
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Figure 4.16: Current-voltage comparison for devices of different thickness on ion 
bombarded a-Si:H.
This could be derived from the fact that the currents through the devices scale 
almost perfectly w ith  thickness as can be observed in Figure 4.16. If forming 
voltage is seen to scale linearly w ith  thickness, then  we can assume that by 
choosing an appropriate film thickness and appropriate bom bardm ent parameters,
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one may be able to optimise the forming voltages of the devices and adjust them  
accordingly by adjusting the film thickness and the bom bardm ent param eters such 
as the im plant dose and the energy of the implants. The dose energy is quite 
crucial as it determ ines the depth of the defects in the sem iconductor material. It 
has to be noted that the spread of the I-V curves w ith in  each of the 50nm, 70nm 
and lOOnm thick samples was almost nil as the curves were observed to lie on top 
of each other w ith  very little spread even w ith  num erous (> 20) I-V 
characteristics. The nonlinear dependence of the current density on voltage and 
the symmetry of the I-V characteristics for both  positive and negative polarities is 
seen to confirm the bulk-controlled nature of these devices. This is as opposed to 
their original pre-bom bardm ent nature w here they w ere believed to be barrier 
controlled, a presum ption that can be confirm ed further by their pre­
bom bardm ent I-V characteristics shown earlier in Figure 4.4.
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Figure 4.17: Comparison of at constant currents, taken from the I-V
characteristics of Figure 4.16 for the Si-bombarded a-Si:H devices of varying 
thickness. The voltages were recorded at currents of 1 X 10  ^and 1 X 10*^  A.
In order to investigate the scaling of the I-V characteristics w ith  thickness in the 
ion-bom barded devices, we recorded the voltages at constant current for each 
thickness. The results are illustrated in Figure 4.17. In this case, the voltage values
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w ere recorded at currents of 1/zA (1 x 10  ^A), and at lOOnA (1 x 10  ^A). But since 
in the bulk controlled devices current is dependent on (Equation 4.3), was 
plotted against thickness instead of V. A plot of the ideal dependence of voltage on 
thickness is also shown for comparison. This “ideal” curve is calculated from the 
assumption that in an ideal field dependence for devices of varying thickness, if a 
certain am ount of current flows through the 50nm thick device w hen  IV is 
applied, a similar am ount of current w ould flow in the 70nm thick device only 
w hen 1.4V is applied and similarly w hen 2V is applied for the lOOnm device. This 
is because electric field is voltage/thickness. As we can see from Figure 4.17, the 
current scaled very well w ith  device thickness in a P-F type of conduction.
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Figure 4.18: Comparison of at constant current for unbombarded a-Si:H devices of 
varying thickness, taken from the I-V characteristics of Figure 4.4 at I = lOnA (1 X 10 ® A).
The voltages at constant currents w ere not linear for the barrier-controlled 
unbom barded reference devices as can be seen from Figure 4.18 w here an ideal 
comparison plot is also included. Here we can see that the current does not scale 
w ith  V ’^  for the different thickness devices as would be expected for devices that 
are barrier-controlled. The current was recorded at a constant curren t of lOnA 
across the plots of Figure 4.4.
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4.3.6 Barrier m odified a-Si:H
Figure 4.19 shows the I-V  characteristics of lOOnm thick a-Si:H MSM devices 
im planted w ith  shallow BFz and im plants to alter the barrier at th e  top contact. 
The Bp2 (/^-doping) was im planted at doses of 5 x  10^  ^ cm'^ and 1 x 10^  ^ cm'^ at 
lOkeV w hile the rz-type doping was done at a dose of 2x 10^  ^ cm'^ at the same 
energy. Each sample (both /7-type and n-type) had sections tha t w ere 
unim planted, w hich w ere used as references. The devices w ere then  annealed at 
200°C for 30min in  a nitrogen am bient and then  later annealed at 250°C for the 
same duration in  an attem pt to activate more carriers. The I-V characteristics of 
the reference and the im planted sections after both  200°C and 250°C anneals are 
show n in  Figure 4.19.
As can be seen from this figure, the reference unim planted devices are barrier- 
controlled as characterised by the  asym m etry in  their I-V characteristics in  Figure 
4.19(a). These are as-deposited devices similar to those in  Section 4.2. Assuming 
the current to be carried by electrons, the higher current under positive bias 
suggests a lower barrier at the bottom  com pared w ith  that at the  top of the 
devices. This is w hat w e expect. After im plantation into the  top surface we see 
that before annealing, the characteristics w hen  the bias is positive is hardly 
changed, w hich is consistent w ith  electron emission from the  reverse biased 
contact at the  back surface, w hich is unchanged by the shallow implants.
The damaged top contact however has been changed slightly leading to an 
increase in  current w hen  the contact is negative (Figures 4.19 (b), (c) and (d)). On 
annealing, some of the im purities are activated and there is a low ering of the 
electron barrier w ith  the  phosphorous im plants (Figure 4.19 (b) negative bias) and 
an increase in  the same barrier following the BF2 implants. This increase in  the 
electron barrier reduces the current under negative bias and also reduces the hole 
barrier, resulting in  a larger hole current under positive bias (Figures (c) and (d)).
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Figure 4.19: I-V characteristics of (a) undoped, (h) implanted (dose = ZxlO^cm^), (c) 
BFz implanted (dose = SxlO^ c^m )^ and (d) BFz implanted (dose = IXlO^ c^m-^ ) lOOnm thick 
a-Si:H devices showing the characteristics before annealing (blue plots), after 200°C 30min 
annealing in N  ambient (magenta plots) and after 250°C annealing also in N  ambient 
(light-green plots).
For the /7-type devices (Figures (c) and (d)), the activated im purities increase hole 
injection for positive bias and decrease electron injection for negative bias and 
hence the great increase in current under forward bias w ith  positive polarity. The 
increase in current is, as expected, greater in the higher dose (Figure (d)) due to 
the increased density of donor states.
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This tells us especially from the  rz-type devices that im planting the  MSM devices 
w ith  shallow implants at the top contact and then  annealing them  changes the 
barrier at th a t contact and can greatly change the conduction characteristics 
observed. It is our aim to investigate the effect, if  any, of these barrier 
modifications to the switching properties of the MSM devices. The forming and 
switching characteristics from these shallow im planted devices are discussed in  
the next two chapters.
4.4 Dynamic I-V Characteristics
From the I-V plots obtained above, there is a lot of very relevant pre- and post- 
forming inform ation tha t cannot be established. For example, one m ight ask 
themselves questions such as w hat tim e during the pulse application that the 
devices form, w hether this tim e is consistent in  all the devices and w hether the 
duration of the stressing pulses is relevant to  the forming process. Inform ation 
about the  energy and pow er dissipated during forming w ould also be desirable. For 
example, if 4/zsec long pulses are used to  stress the devices for forming, it would be 
im portant to  know  first if  the  devices form at the  same tim e during the pulse, or 
w hether a delay tim e exists, shorter than  the pulse length, after w hich  the devices 
form, etc. For example, if the delay tim e exists and it is no t consistent among all 
the devices, some devices may form at the end of the  4/zsec w hile some may form 
sometime during the pulse, say at 1.5/zsec, at 3//sec or any o ther tim e < 4/zsec. This 
does not how ever m ean tha t devices could no t form beyond 4//sec.
Separate experiments to investigate the dependence of forming and switching 
characteristics on the length of the pulses have been perform ed and reported later 
in  this report. However, 4/fi pulses w ere sufficient for most of the forming 
operations in  this w ork and hence w ere used as standard. Knowing the time 
required for switching w ould be im portant in  establishing properties such as delay
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times, switching times, etc, some of w hich if  com bined w ith  o ther relevant 
param eters such as form ing voltage and the curren t flowing through the device at 
the forming instance w ould be useful for the  calculation of the  form ing energy. In 
this section we look at a num ber of transients recorded during pulse stressing of 
the devices. This gives us dynamic high voltage I-V characteristics of the MSM 
devices w ith  the stressing voltages applied to  the top metal contacts being as high 
as 30V, w hich  is the voltage lim it of the stressing kit used. This is as opposed to  the 
low-voltage I-V characteristics above w here the scanning range was < ±5V.
Transients during the forming and switching operations are discussed later w ithin  
their corresponding chapters. Initially, the transients w ere scanned directly from 
printouts obtained from a plotter connected to the stressing k it’s digital 
oscilloscope through an IEEE bus port. Later, a program was developed, w hich 
could obtain data directly from the  oscilloscope and the transients w ere plotted 
using M icrosoft’s Excel program. These later plots are clearer and provide more 
inform ation w hen  compared to the scanned printouts. However, w ork done 
before the  installation of this program is reported in  the later form at especially for 
forming and switching transients.
4.4.1 Current transients during stressing
W e start by looking at some curren t transients obtained during the  pulsing of 
devices for forming. Though the shape and level of the current transients at a 
particular voltage varied w ith  various device param eters such as doping, 
bom bardm ent dose, thickness, etc, the general trend in all the devices was similar 
in  tha t w hen  the voltage was ram ped from a m inim um  value (m ainly about 2V in 
this work), the  increase in  current density through the  device was not 
instantaneous. There exists a range of voltages at the beginning of the stressing 
operations of each device w here no significant increase in curren t is observed -  or 
was too small to be measured under the resolution of our equipm ent. This leads to
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the flat transients at the bottom  of the diagram. In this case, no significant increase 
in device current was measurable until after approximately lOV (plot w ith  stars in 
Figure 4.20). But after lOV, the current continues to rise at almost consistent 
intervals w ith  increasing voltage. This trend was consistent in  all the devices 
during stressing but as m entioned previously, the voltage at w hich the current 
transients rose varied greatly among various devices.
c
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Figure 4.20; Increase in the amount of current flowing through a lOOnm thick Si- 
implanted a-Si:H device as the voltage is ramped up at increments of IV.
Figures 4.21 (a), (b) and (c) show a comparison of transients obtained from three 
devices of 50nm, 70nm and lOOnm thickness respectively. In all three cases, the 
devices were subjected to voltage pulses of up to 21V from a low of approx. 2V, 
ramped manually at intervals of IV  at a time. The blue plots in  figures (a), (b) and 
(c) are used to m ark those transients w here the current was seen to rise 
significantly for the first tim e since the initial application of the stressing pulses. 
The values of V at these transients are indicated at the bottom  right edge of the 
plots. As can be seen, the voltage at w hich the current starts to rise varies almost 
perfectly w ith  thickness. The current starts to rise at 5V for the 50nm sample, 7V 
for the 70nm one and at = lOV for the lOOnm.
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Figure 4.21: Comparison of the currents flowing through Si-bombarded a-Si:H devices of 
thickness (a) 50nm, (b) 70nm and (c) lOOnm during forming, showing the voltages at 
which the current first rises to a measurable value (blue plots with value of V at that 
current being indicated at the bottom right hand corner. Figure (d) is an I-V plot of these 
current transients for both positive and negative pulses. The increase in current with 
decreasing thickness and with the presence of bombardment is evident.
Figure 4.21(d) shows the I-V plots of the transients in figures (a) (b) and (c) 
including those obtained using negative polarities. The current is higher in the 
bombarded samples due to Poole-Frenkel conduction via the increased density of 
defects in the sem iconductor film. The current also increases w ith  decreasing 
material thickness at a particular voltage due to the differences in the electric 
fields in the three materials. The electric field is highest in the th innest (50nm) 
sample, implying that a higher am ount of current flows in this sample at a 
particular voltage as compared to the 70nm and lOOnm thick samples. W e hope 
this scaling of currents through the MSM devices w ith  the thickness of the device
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sem iconductor films w ill play a part in  determ ining the voltages at w hich  these 
devices form. The forming results are discussed in  the next chapter.
4.5 Discussion
W e have seen earlier in  this chapter three possible m ethods of introducing 
dangling bond defects into the sem iconductor material of M etal-Semiconductor- 
Metal (MSM) devices of a-Si:H alloys. W e have seen tha t dangling bond defects, 
w hich  result in  deep-gap states can be introduced by current stressing, gas-phase 
(in-situ) doping and bom bardm ent of a-Si:H w ith  Si ions, i.e., Si on Si. In  all these 
methods, it is believed tha t the density of these deep-gap dangling bond defect 
states starts off at a very low level b u t progressively increases un til the density is so 
high tha t a defect band is assumed to be created w ith in  the band gap of the 
semiconductor, w here carriers travel by hopping across the states in  a Poole- 
Frenkel type of conduction. From the I-V characteristics of the doped and ion- 
bom barded devices seen in  this chapter, w e have seen the transform ation that 
each of the process produces in  the devices as compared to the ir reference samples.
There is a sharp increase in  the off-current /o (current before pulse stressing) of the 
MSM devices w ith  increase in  the  density of defect states. In  order to obtain 
uniform  I-V characteristics and increase the chances of obtaining similarly 
uniform  forming and switching characteristics, the m ethod used for device 
preparation becomes one of great significance. C urrent stressing w here the devices 
are subjected to  constant current pulses for various lengths of tim e have been used 
previously [Hu, 98], [Hu, 00], [Shannon, 95]. This technique depends m ainly on 
electron-hole recom bination either directly across band-tail states but m ainly 
through gap states. The energy released during the  recom bination breaks weak Si- 
H bonds and the freed hydrogen atoms move to break w eak Si-Si bonds by 
desorption of hydrogen leading to  the rapid generation of additional deep-gap
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states. Figure 4.22 shows the density of state distribution of a th in  film diode 
before and after stressing. The density of mid-gap states increases considerably 
w ith  stressing.
-Dangling bond 
defects
itressing
laling
Figure 4.22: Schematic illustration of the density of states of a thin film diode 
(TFD) (a) before any current stressing and (b) after current stressing and 
annealing. 5A/(E) is the increase in the density of defect states following the 
stressing.
However, these dangling bond defects can be annealed out at appropriate 
temperatures to recover the initial pre-stress density of states as can be seen in 
Figure 4.22(b). Figure 4.23 shows the rise in current density levels for a current 
stressed a-SiCx:H device 85nm thick. The current is clearly seen to rise w ith 
increasing stressing times w hich is assumed to correspond to increasing density of 
induced dangling bond defects in the semiconductor material.
The main disadvantage of current stressing is tha t the electron-hole recom bination 
process requires good injection of carriers from the contacts, w ith  electrons being 
injected from the negative contact and holes from the positive contact. This would 
imply that a good control of the metal contacts on both ends of the MSM devices 
would be very crucial and we know  how difficult it is to get good contacts onto 
the devices. Reproducibility of the switching properties observed and their 
stability may be significantly reduced by the lack of proper control over the 
barriers present at each end and w hich are crucial for the generation of defects.
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Figure 4.23: I-V characteristics for a 85imi thick a-SiCx:H TFD stressed at 
various times [Lau 00]
Dangling bond defect generation in the case of doping was discussed in more
detail at the beginning of this chapter. W e saw that this is very dependent on the
position of the Fermi level in the band gap after doping. Doping the device /> type
shifts the Fermi level closer to the valence band while n-type doping shifts it
closer to the conduction band. The position of the Fermi energy determines
w hether or not a donor or acceptor is ionised. Figure 4.24 shows the distribution
of defect states in the band gap as a function of the position of the Fermi level for
both /?-type doping and n-type doping.
In the case of n-type doping, the Fermi level lies between the donor level and the 
deep-gap defect states. Ionised donors are created by the transfer of electrons from 
the donor level to the Fermi energy. The same case applies for /7-type doping 
w here the Fermi level lies betw een the acceptor level and the defect state but in 
this case the electron transfer is from the defect state to the acceptor. This transfer 
of carriers as a function of the defect density changes the defect formation
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energies discussed earlier. This results in  increased defect density as a result of 
interaction betw een the doping and the existing a-Si:H structure.
Ez
■Tail states
Deep-gap states
Acceptor states
............  Bf
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Donor states
Ey
Deep-gap states
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Av
(a) /7-type doping (b) J2-type doping
Figure 4.24; Comparison of the density of state distribution for (a) />doped and (b) 
i>doped a-Si:H showing the tail states at both ends, the acceptor and donor states 
and the deep-gap states
The distribution of dopants in  this case is therefore very crucial. Since this is a 
property tha t is very dependent on the deposition conditions, reproducibility of 
switching devices produced in  this m anner may therefore be compromised 
because it is quite difficult to obtain the same conditions w ith in  the  deposition 
chambers in  successive deposition runs especially if  the samples are deposited in  
different deposition chambers. Lack of good reproducibility in  the  doped devices 
may therefore compromise the reproducibility of the sw itching properties 
observed.
Ion bom bardm ent on the other hand also increases the defect density in  the 
sem iconductor material of the MSM diodes considerably before any pulse 
stressing. The increase in  defect density is a direct result of the  damage caused by 
the bom bardm ent process, w hich  results in  increased band tail w idths and an 
increase in  the density of dangling bond states in  the band gap. Part o f the  defects
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introduced by ion-bom bardm ent can be elim inated from the  semiconductor by 
annealing at appropriate tem peratures but unlike the case of current-stressed 
devices, probably not all the induced defects can be annealed out.
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Figure 4.25: Schematic illustration of the density of states of a thin film diode (a) before 
any current stressing, (b) after current stressing and annealing, and (c) after ion 
bombardment, stressing and annealing, showing the increase in the density of states 
(0A^(E)) and the broadening of the band tails after bombardment (solid lines) and also 
the non-recovery of 0A^(E) and the reduction in the band tail widths after annealing 
(dashed lines). The curve shapes are not to scale. Gaussian distributions are assumed.
A residual am ount of defects remains in  the material even after annealing. This is 
as a result of the damage caused by the interaction betw een the bom barding ions 
and the  sem iconductor material and the  extent to w hich  this damage can be 
recovered is dependent m ainly on the im plantation dose used. Figure 4.25 shows 
the density of state distribution for a th in  film diode subjected to ion 
bom bardm ent. A comparison is given also of the density of states for the current 
stressed devices discussed above, before and after stressing for bo th  cases.
4.6 Conclusions
In this chapter w e have looked at the various mechanisms used for the preparation 
of M etal-Semiconductor-M etal (MSM) a-Si:H devices for m em ory switching 
applications. The m ain aim is to produce devices that have uniform  electrical 
characteristics that are stable and can be easily reproduced num erous times. One 
of the main techniques used in  fabrication is that of introducing dangling bond
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defects into the semiconductor films either during fabrication or afterwards. W e 
have specifically looked at current stressing, gas-phase doping and ion 
bom bardm ent as ways through w hich these dangling bond defects are introduced 
into the semiconductor films of the MSM devices. W e have seen th a t in  all these 
cases, the current density has been observed to increase w ith  corresponding 
increase in  the  defect density w ith in  the semiconductor films. This transforms the 
devices from being barrier-controlled; dependent on the quality of m etal contacts 
on both  ends to  bulk-controlled devices w ith  conduction mechanisms tha t may be 
explained in  term s of Poole-Frenkel conduction theory w here carriers can easily 
hop across the devices along the induced mid-gap defect states. Ion bom bardm ent 
has been used in  this w ork and this has been seen to improve the  uniform ity of the 
I-V characteristics w ith  almost perfect symmetry.
One m ain advantage of ion bom bardm ent is tha t some of the  induced dangling 
bond defects can be annealed out at « 160°G for a-SiCx:H and a-Si:H and ~ 240°C 
for a-SiNx:H therefore recovering part of the defects and increasing the  ON-OFF- 
ON switching ratio. Furtherm ore, the distribution and density of the  damage 
induced by ion bom bardm ent can be controlled m uch more easily by controlling 
the bom bardm ent param eters (mainly dose and energy) as opposed to current- 
stressed devices and doped devices w hich m ay be lim ited by quality of contacts 
and by the erratic conditions in  deposition chambers respectively. The im proved 
uniform ity in  the ion-bom barded devices increases the chances of obtaining same 
characteristics during and after forming.
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5 Forming in MSM Structures
5.1 Introduction
As described previously, the forming step is an integral part o f preparing MSM 
devices for the observation of m em ory switching. This is because as-deposited 
devices rarely show any switching characteristics w ithout this deliberate 
conditioning step referred to  as forming. Forming is presum ed to  occur w hen  a 
highly conductive filam ent is formed across the semiconductor film of an MSM 
device following the application of a pulse of appropriate length  and magnitude. 
Following this, the  m emory device is th en  considered to be sw itched ON and the 
device resistance drops greatly.
Conduction in  the ON state and subsequent ON-OFF-ON sw itching operations are 
presum ed to  occur via this conductive filament. This makes the form ing stage very 
crucial in  the whole switching process. In  current-stressing, form ing occurs via a 
similar m ethod to tha t discussed in  the Electrical Characteristics chapter for defect 
generation w here energy released during electron-hole recom bination breaks Si-H 
bonds w hich in  tu rn  break w eak Si-Si bonds to create more defects.
For forming, this process of defect creation is continued -  though sometimes w ith  
external processes such as direct creation of dangling bonds by ho t electrons -  
until such a point w hen  the defects are presum ed to link in  the form  of a chain, 
creating a highly conductive filam entary path through the device [Hu 98]. Similar 
to defect creation, this process m ay be lim ited by the quality of the  barriers at both 
contacts and by the quality of the contacts themselves. In  the  doped and ion 
bom barded devices in  our work, w e have used single-shot voltage pulses of 
varying m agnitude and length for forming. W e believe tha t reproducibility w ould 
be m uch better in  this m anner than  in  current stressing w here carrier
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recom bination rates are not easily reproduced from one device to  another. In 
order to  obtain uniform  and reproducible forming characteristics using the single­
shot pulses, w e believe tha t the  semiconductor film should possess very good 
uniform ity in  term s of the density and distribution of the induced dangling bonds, 
w hether the material is doped or bombarded. If we are able to achieve good 
uniform ity at this stage, then  w e can hope to be able to control the later ON-OFF- 
ON switching processes of these MSM devices.
This is one of the  m ain reasons w hy  we have decided to use ion bom bardm ent as a 
means of introducing these dangling bond defects, w hich w e believe are necessary 
for the switching process to occur in  these simple non-volatile devices. The 
density of dam age-induced defects resulting from ion bom bardm ent of 
semiconductor films can be very easily controlled by controlling the density of 
ions used to  bom bard the films as well as their energy at impact w ith  the surface of 
the  semiconductor. The distribution of these ion induced dangling bond defects is 
also m uch more uniform  than  in  the doped devices. This enhances the  chances of 
achieving good reproducibility in  the bom barded films.
W e w ill start by looking at the forming characteristics of undoped unbom barded 
a-SiCx:H devices, w hich are as-deposited. This w ill be followed by results from 
both doped and Si-bombarded a-SiCx:H devices w here a comparison of 
magnitudes of the forming voltages is given. Forming characteristics of Si- 
bom barded a-Si:H devices bom barded at various doses are also presented in  this 
chapter, followed by results on the dependence of form ing voltage on film 
thickness in  a-Si:H. W e w ill also look at the forming characteristics observed in  
the shallow im planted />-type and n-type devices in  a-Si:H used to  m odify the top 
barrier. Lastly, dynamic forming characteristics are presented.
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5.2 Effect of Semiconductor Material Properties
5.2.1 Barrier-controlled (undoped unbombarded) a-SiCx:H
These devices are as-deposited a-SiCx:H MSM devices whose characteristics have 
not been altered after deposition. Their corresponding 1-V characteristics are 
shown in Figure 4.6 in the previous chapter. In these devices, conduction is 
controlled m ainly by therm ionic emission at the Schottky contacts and is mainly 
limited by the reverse-biased contact. The quality of the contacts thus played a big 
role in the properties of the devices. Forming was observed but almost predictably, 
no significant uniform ity was observed in the forming characteristics. W e 
attribute this to non-uniform ity of the contacts applied, w hich affected the local 
barriers of the devices. To obtain the forming voltage spread across the samples, 
approximately 20 devices located at close proxim ity of each o ther w ith in  the 
samples w ere formed using single-shot voltage pulses, ramped from a low value of 
approximately 4 -  5V in increm ents of 0.5 -  IV until the devices formed.
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Figure 5.1: Forming voltages for devices on an unbombarded undoped barrier- 
controlled hydrogenated amorphous silicon carbide sample.
The pulses used for forming devices in this w ork and subsequent stressing was 
principally 4//s. This was initially done at 2 . 5 / / S  but it was deem ed necessary to use
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4/6  pulses to ensure the pulse times w ere long enough. This is discussed in  more 
detail later. The reason for choosing devices in  close proxim ity o f each other is to  
minimise the effects of unnecessary variables such as local variations in  film 
thickness, doping profiles, etc along the 2” x 2” samples. The form ing voltages 
obtained from the undoped unbom barded barrier-controlled devices w ere in  the 
range of 8V -  16V. This can be seen in  Figure 5.1. The forming experim ents were 
repeated several times using the same num ber o f devices in  other locations on the 
sample to check for any significant variations. The random  spread in  V f was 
repeated in  each attempt. Due to this observed randomness in  the forming 
characteristics, it was expected tha t the switching characteristics w ould be equally 
random  and unpredictable and hence not m uch switching experim ents w ere 
carried out on this sample after the forming experiments. The results obtained 
from the few  switching experiments on these samples are discussed briefly in  the 
next chapter. It is w orth  m entioning one im portant factor how ever tha t not all the 
devices tested on this sample formed. As a percentage, only about 30% of the 
devices tested on this barrier-controlled sample formed. The 20 in  Figure 5.1 are 
part of the 30% tha t formed.
5.2.2 In-situ D oped a-SiCx:H
Similar experiments w ere carried out on the /7-doped a-SiCx:H MSM samples. The 
forming voltage spread was m uch smaller in  this case (9V -  14V) w hen  compared 
to  the barrier-controlled sample above w here the range was 8V — 16V. A unique 
uniform ity emerges w here a majority of the devices are seen to form m ainly 
betw een IIV  and 13V. Figure 5.2 shows a typical spread for 20 devices located in  
close proxim ity of each other. As m entioned above, it was necessary to  compare 
only devices close to  each other on the sample in  order to  ensure tha t any large- 
scale variations in  film thickness of the semiconductor did not contribute 
significantly to the forming voltage variations observed. This trend  was observed 
after similar experiments carried out on devices located at different locations on
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this presumed bulk-controlled sample. The ON-state resistances obtained from the 
/7-doped a-SiCx:H MSM devices after forming were in the range of ~ 1 -  6kQ. 
However, ON-state resistances lower than IkQ  w ere sometimes obtained.
p-type (in-situ doped) a-SiCx:H
8 10® ^ ^No. of Devices^
Figure 5.2: Forming voltages for devices on p-doped hydrogenated amorphous 
silicon carbide samples.
5.2.3 Si-Bombarded a-SiCx:H
The forming voltages (Vf) in this bombarded sample were considerably lower than 
those in the p-doped and unbom barded undoped a-SiCx:H devices discussed 
above. W hile V f in the p-doped a-SiCx:H tended to higher values, it tended to 
lower values in the bombarded sample. It has to be emphasised here that the 
thickness of both samples was the same at 950nm. Figure 5.3 shows the forming 
voltages obtained from 20 devices on the Si-bombarded a-SiCx:H sample. W e see 
that the spread of V f along the voltage axis is much lower in  this case (= 4V) as 
compared to that in the barrier-controlled a-SiCx:H devices (= 8V) discussed 
above. However, it was almost equal to that of the p-doped devices (= 5V), the 
only difference being the voltage at w hich majority of the devices formed. For the 
ion-bom barded sample, devices formed at betw een 8V and 12V w ith  the majority 
of devices forming at betw een 8V and 9V. The peak is at 8V as opposed to a peak
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of approximately 13V in the doped devices.
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Si-bombarded undoped a-SICx:H
0 2 4 6 8No. of devicesFigure 5.3: Forming voltages for devices on the Si-bombarded hydrogenated 
amorphous silicon carbide sample.
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The relative uniform ity of the forming characteristics in both the doped and the 
bombarded devices could be attributed to the presence of induced defects in the 
semiconductor. Though the difference betw een the uniform ity of V f for both the 
doped and bombarded devices is not significantly large, the considerably lower 
forming voltages in the bombarded MSM devices can be clearly seen. The ON- 
state resistances in  this case were also in excess of Hd2 except in a few instances 
w here it was lower. It is also w orth noting tha t the forming success rate in  both 
the doped and ion-bom barded a-SiCx:H devices was significantly greater than in 
the as-deposited barrier-controlled devices.
Approximately 90-100% of the doped and bombarded devices tested formed w hen 
compared to the barrier-controlled devices’ success rate of = 30%. The difference 
in the forming success rate goes to further suggest the need for deliberately 
induced defects prior to the observation of memory switching in a-Si:H MSM 
devices.
106
C hapters Forming in  MSM Structures
5.2.4 Si-Bombarded a-Si:H
Results obtained in  this w ork indicate tha t im plantation plays a significant role in 
the switching -  or rather, the forming -  characteristics of these devices. The 
different sections on this sample exhibit different switching behaviour and 
forming voltages depending on im plantation dose. Figure 5,4 shows a plot of the 
average Vf recorded from num erous devices on each of the  five dose levels, 
including tha t of the unbom barded reference sample. It has to be emphasised that 
each poin t in  this plo t represents an average value calculated from  approximately 
20 or more devices at each dose. The fact tha t the  forming process was carried out 
m anually by stressing the  devices on the  pulse stressing kit and then  transferring 
them  to a separate I-V m easurem ent k it for I-V scans after each pulse application 
before transferring them  back again to the stressing kit for the next pulse m eant 
tha t it was difficult to  obtain a large num ber of measurements. However, the error 
bars involved in  the 20 or so devices tested on each dose are small enough to make 
the plot a fair representation of the V f trend  against dose for these a-Si:H devices.
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Figure 5.4: Forming voltage as a function of dose in ion-bombarded a-Si:H implanted 
with Si^ s ions at 40keV,
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The significant dependence of V f on dose can be clearly seen. As the dose is 
increased from 0 to  «  5 x 10^  ^ cm’^ , V f decreases considerably w ith  dose until an 
assumed m inim um  of approximately 4 x 10*^  cm This could be explained by the 
fact tha t as the defect density in  the m aterial is increased, the  cu rren t through the 
device also increases, w hich gives rise to increased power dissipation and hence a 
lower voltage is required to form the higher dose devices. However, V f starts 
increasing again after the m inim um  of « 4 X 10^  ^cm^ until approxim ately 1 x 10^  ^
cm‘2, a point beyond w hich  it appears to saturate.
W e presume tha t w hen  the devices become too conductive, external processes like 
series resistances etc come into effect at the high electric fields and a considerable 
fraction of the voltage is dropped across external resistors thus making it 
increasingly difficult to supply enough pow er through the devices for forming. 
This causes the increase in  Vf. Further increase in  dose beyond 1.5 x  lO^^cm'^ is 
assumed to  have very little effect on the forming voltage and the  plot flattens out 
at high doses. It has to  be emphasised though tha t at doses greater than  2 x  10^  ^
cm ‘^ , the Poole-Frenkel effect makes the devices too conductive in  the  OFF state 
and it becomes increasingly hard  to form them  thus greatly reducing the 
percentage of devices tha t actually form per sample.
It was m entioned before tha t tw o sets of bombarded a-Si:H samples w ere 
fabricated; the first set comprising of three doses (1 x 10^  ^ cm ’^ , 5 X 10^  ^ cm ’^  and
2.5 X 10^  ^ cm'^), w hile the second set had five doses ranging from 1 X 10^  ^ cm*  ^ -
1.5 X 10*^  cm* .^ It was discovered from the first set that devices on the high dose 
(2.5 X 10^  ^ cm'^) sample very rarely formed even at 30V, w hich  is the maximum 
voltage output of the stressing kit. It was assumed that the  devices w ere too 
conductive and thus it m ight have been difficult to pass enough pow er through 
them  to form them . W e know  that P o w er- V I, Energy = V i t  and I -  MR. W e 
can therefore express energy as V  11R. From this expression and assuming tha t the
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energy required for forming the devices is constant then  we can conclude -  
assuming all other parameters like device thickness, area, material, etc are 
constant -  that if the device resistance R  before forming is reduced considerably, 
then V  must be increased accordingly too. This could explain w hy these devices 
did not form. On the other hand, increasing V to a large value means that the 
electric field in the devices increases dramatically too. The high fields at high 
voltages led to the breaking down of several devices on this sample, often w ith 
slight and sometimes visible m elting of the top metal contact presum ably as a 
result of Joule heating. It was thus concluded that the optim um  dose range for 
reasonable forming voltages in these bombarded a-Si:H MSM devices w ould be in 
the range of 1 x 10^  ^cm^ and = 1 x 10^  ^cm'^.
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Figure 5.5: Log plot of ON state resistances obtained from ion bombarded a-Si:H 
devices plotted against forming voltage for various bombardment doses.
However, even w ith  the reduced doses, the values of ON-state resistance {Ron) 
obtained in the Si-bombarded a-Si:H devices were quite low. Figure 5.5 shows 
typical Ron and V? values obtained from the various samples w ith  varying dose.
5.2.5 ON-state Resistance
As can be seen from Figure 5.5, Ron obtained from these a-Si:H samples was much
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lower than w hat we suggested to be the m inim um  ON-state resistance for the 
devices to switch down, w hich is approximately lki2 -  3kQ. Some devices formed 
to ON-state resistances as low as 50Q. These very low ON state resistances made it 
increasingly difficult for the devices to switch down under norm al stressing 
conditions. W e presumed that since the devices w ere too conductive, it was 
difficult to supply enough power to switch the devices down. W e suggested that if 
we could connect a resistor of a certain value in series w ith  the device during 
forming, a large fraction of the voltage w ould be dropped across this resistor and 
the created filament would not be as strong. In this way, we hoped that higher ON 
state resistances would be achieved. A num ber of resistor values w ere used for this 
experiment. These were 100^2, 300^2 and Hd2. No significant change in  the Ron 
values was observed w ith  the 100^2 or the 300f2 resistors. However, w hen a lkf2 
resistor was connected, some quite interesting results were found, some of w hich 
are shown in Figure 5.6.
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Figure 5.6: Values of /Zon obtained using a IkA resistor connected in series during 
the forming of a-Si:H MSM devices implanted with Si^ ions at various doses. 
Forming voltage is uncorrected for voltage drop across the resistor hence the 
spread along the x-axis.
Although no significant correlation was observed betw een the form ing voltage 
and the obtained ON state resistance, some devices exhibited very high Ron values.
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some of w hich were as high as lOOkQ. The lack of proper consistence in the values 
of Ron w ith  V f and dose was rather discouraging but it is shown tha t if optimised, 
the m ethod of using a resistor in series might be used to try  and drop some of the 
high voltage at forming in order to obtain values of Ron tha t can easily support 
switching down of the devices. A nother technique that could be used to achieve 
higher values of Ron during forming is one similar to the soA form ing  m ethod 
m entioned in the literature review. In this technique, pulses of progressively 
increasing magnitude are applied onto the devices from a low value (as low as 2V), 
w hich are then  increased at small intervals until the devices switch off. This slow 
switching might prevent the overshoot in Ron and is m entioned in the “Future 
W ork” section of this report in Chapter 8.
5.2.6 Barrier Modified a-Si:H
Figures 5.7 and 5.8 show the forming voltage values obtained from the barrier- 
modified a-Si:H devices, i.e., devices that had been im planted w ith  shallow 
impurities to modify the barrier at the top contact w hile leaving the barrier at the 
bottom  contact unmodified.
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Figure 5.7: Forming voltages with positive pulses after voltage drop correction for 
doped a-Si:H devices annealed at 250C for 30min in N  ambient.
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Figure 5.7 is for forming voltages obtained using positive pulses w hile Figure 5.8 is 
for negative forming pulses. As can be seen from these diagrams, there is no 
significant change in the forming voltages w ith  the different barrier modifications. 
However, the forming voltages in the im planted devices appear to have been 
reduced for the negative forming pulses in Figure 5.8 w hen com pared to the 
unim planted reference. There also seems to be increased uniform ity in the 
forming characteristics of the n-doped devices w ith  negative pulses in Figure 5.8.
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Figure 5.8: Forming voltages with negative pulses after voltage drop correction for 
doped devices annealed at 250C for 30min in a N  ambient.
However, these observations are inconclusive and it appears that changing the 
barrier height at one of the contacts does not significantly affect the forming 
voltages. These devices w ere also formed w ith  a IkQ  resistor connected in series 
and V f’s are corrected for the voltage drops across the devices during forming.
5.3 Forming characteristics versus film thickness
Figure 5.9 shows the forming voltages obtained from a-Si:H MSM devices w here 
the thickness of the semiconductor layer 50nm, 70nm and lOOnm. These devices 
w ere formed w ith  a lk^2 resistor connected in series because as w e saw above.
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connecting a resistor in series w ith  the devices during forming increases the 
chances of obtaining fairly high ON-state resistances because we assumed that if 
part of the voltage is dropped through the resistor during forming, only a small 
portion of the applied bias would be dropped though the created filam ent and 
hence a “w eaker” filament w ould be created.
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Figure 5.9: Uniformity of Vf in the Si-bombarded devices of SOnm, 70nm and 
lOOnm thickness. Positive forming pulses are used and Vp is corrected for voltage 
drop across a IkQ resistor connected in series with the device during forming.
The forming voltages here are therefore corrected for the voltage dropped across 
the lkI2 resistor. The process of correction is discussed in more detail in Section 
5.5. From this diagram we see that very uniform  values of V f w ere obtained from 
these devices and that V f seemed to scale very well w ith  the device thickness. The 
50nm devices formed at an average V f of = 6V, the 70nm devices at = 8.5V w hile 
the lOOnm devices formed at a V f of approximately 12V. Approximately 10 
devices in close proxim ity of each other w ere tested on each of the samples and 
from these results, it can be seen that the spread in the forming voltages was about 
IV or even less especially for the lOOnm thick devices. This m ight be taken to 
imply that the electric field {E) through the devices during forming is constant.
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Looking at the electric field plots for these devices during forming w^ould therefore 
give us a better idea of the scaling of the forming characteristics w ith  the thickness 
of the semiconductor films. Figure 5.10 shows the values of electric field at the 
forming instance, given by ( . £ f  = Vp/t w here fis  the thickness of the semiconductor 
films) for the devices of Figure 5.9. The field in  this case is calculated from positive 
forming voltages.
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Figure 5.10: Electric field (V/t) at the forming voltage against thickness (t) for 
implanted (impi) and unimplanted (ref) a-Si:H devices of varying thickness, 
formed with p o s itiv e  Vfs and corrected for voltage drop across a IKA resistor 
connected in series during forming.
At a particular field, the distribution of energy loss depends on the spatial 
distribution of hole and electron currents, carrier lifetime, height and shape of 
potential barriers and the distribution of deep levels. All of these factors affect the 
distribution of energy loss through the structure. Ion bom bardm ent of a precise 
dose of ions at a given energy makes these parameters more uniform  by generating 
defects that pin barriers, control lifetime and the transport process. Figure 5.10, 
w hich is the positive bias figure, shows a m uch smaller distribution of forming 
voltage for the bombarded structures and remarkably a similar electric field for the 
three different thicknesses. Since w hatever model we assume for curren t transport 
it is a function only of the electric field, we conclude that the forming process in
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the positive direction depends only on current and not power. Interestingly, the I- 
V plots at high fields shown in Figure 5.11 indicate a sudden increase in current at 
similar currents (= 6mA), indicative of tem perature rise. See Figure 5.11.
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Figure 5.11: High voltage I-V plots for currents through the devices during forming. 
The forming was done with a IkQ resistor connected in series and the voltages here are 
corrected for the voltage dropped across this resistor.
In this diagram, the current flowing through the devices during pre forming 
stressing is plotted against the voltage applied. The current levels w ere recorded 
straight from the devices w hen the forming pulses were applied. This was done 
using a digital oscilloscope connected directly to the voltage source in the stressing 
kit. The forming was done in the presence of a lkI2 resistor connected in  series 
w ith  the device but the voltage values here are corrected for the voltage dropped 
across the resistor during the forming. The m ethod used for this correction is 
discussed in more detail in Section 5.5.
The situation of the forming electric fields in the negative bias (Figure 5.12) is 
quite different from that shown in Figure 5.10. Here we only see marginal 
im provements in uniform ity following im plantation and electric fields at forming 
are strongly dependent on thickness w ith  higher fields needed for thicker layers.
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This suggests that in the negative direction, it is power that counts w ith 
considerably higher voltages needed in the thicker samples. The overall 
observations are in agreem ent w ith  the generally accepted view tha t forming in 
the positive and negative polarities are different.
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Figure 5.12: Electric field (V/t) during forming for SOnm, 70nm and lOOnm thick 
Si-bombarded a-Si:H devices, formed with n egative  pulses and corrected for 
voltage drop across a IKQ resistor in series.
5.4 Forming voltage as a function of pulse length
This section of experiments was carried out in order to investigate the 
relationship, if any, between the forming voltage and the length of the forming 
pulses. From the point of view of a constant-form ing-energy model -  w here the 
forming energy, w hich is a product of the forming voltage (Vf), current {I) and 
pulse tim e (f) at the forming instance remains constant -  we w ould expect the 
three parameters to scale proportionately. For example, since the current through 
devices of the same material and thickness remains constant during forming (as 
discussed above), then  by increasing the lengths of the pulses applied, we would 
expect to see a reduction in the forming voltage w ith  the longer pulses since the 
pulses w ould spend a longer time on the device’s top contact.
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Table 5.1 shows the results obtained. The devices in this case w ere Si-bombarded 
a-Si:H devices, im planted at a dose of 2 x 10'^ cm'^. A 330^2 resistor was connected 
in series w ith  the devices during forming in  an attem pt to increase the devices’ ON 
state resistance ( / ? o n )  to make it easier to switch them  dow n after forming. Four 
pulse durations of 8//s, \2p&, 20/fi and 25ps w ere used and the obtained values of 
/?oN are also shown in the table. During the forming, the forming voltage was 
ramped from a small value of approximately 3V or 4V and m anually increased in 
intervals of 0.5V w ith  I-V scans being carried out manually after each stress. 
However, we can see that as the pulse duration is increased, the forming voltages 
decrease from = 13.5V for the 8//s pulses to ~ lOV for the 25ps pulses. Though the 
change in the forming voltage is relatively small (~ 3V), we have seen from the 
thickness samples above that the uniform ity of V f in these bom barded devices is 
very good and so the change in  V f w ith  r here cannot be ignored. This uniform ity 
is also seen in this table w here the range of V f w ith in  each pulse is quite minimal.
Time 25ps 20/is \2p& 8 /a
Arbitrary device 
on 2xl0 ‘^ cm'^ Si- 
bombarded a-Si:H 1 2 3 4 5 6 7 8 9 10
P^(V) 10 10 10 12 12 12 12 13 13.5 13
R on (O ) 65 86 104 76 80 85 93 103 77 105
Table 5.1: Forming voltages and ON-state resistances for C r/a-S i:H /C r devices 
bombarded with a 2x10^ cm^ Si^ dose and stressed at various pulse lengths with a 3300 
resistor connected in series.
The resistance values how ever do not follow any significant pattern. This is in
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agreem ent w ith  the results reported previously w ithout any resistor connected in 
the stressing set up w here the ON state resistances w ere found to be very  low and 
independent of Vf. From the  very low Ron values obtained in  this case, w e can 
assume tha t the 330 0  resistor does no t significantly aid in  reducing the 
conductance of these devices in  the ON state. But as we saw earlier, m uch higher 
values of i?oN w ere obtained w ith  the IkO  resistor thus the aspect of resistor 
forming could be exploited further in  order to gain control over the Ron values of 
these MSM structures. However, from this table, some dependence of forming 
voltage on the length of the pulses is evident and this can also be exploited to gain 
m ore control over the  forming voltages.
5.5 Forming Energy
Forming energy was calculated using param eters recorded from  the digital 
oscilloscope connected to the stressing k it during pulse stressing. The parameters 
w ere recorded at the forming instance w hen  the current rose from  the low OFF 
state to the ON state. These param eters w ere the current a t tha t instance, the 
voltage corresponding to tha t current and the length  of the pulse w hen the 
forming occurs. Figure 5.13 shows typical transients used in  the  calculation of 
forming energy. In  this plot, the device (lOOnm 5 x lO^^cm'^ Si-bombarded a-Si:H) 
was form ed w ith  a 17V, 4//S long pulse. However, it is clearly seen tha t the device 
does not form at the full 4/Æ but forms at a time (r) of approxim ately 0.8/Æ.
The current (7) through the device at the forming m om ent is approximately 
2.8mA. The 17V value for voltage could not be directly used in  the calculations. 
This is because a lkÊ2 resistor had been connected in  series w ith  this device during 
forming and hence not all the 17V applied was dropped through the  device. The 
value to  be deducted was obtained from  the dynamic I-V curves show n in  Section 
5.3. Since the resistor used was IkQ  and the  curren t in  the  I-V curves was in  mA,
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the value to be deducted was exactly the same as that recorded for the particular 
voltage in the I-V curves.
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Figure 5.13 Forming transients for a device formed at 17V, showing both the current 
and voltage signals (blue and red signals respectively). The plot also shows how 
parameters for forming energy calculations were obtained. In this case, Vf = 17V 
though the actual voltage through the device is « 12.27V (see text in this section), I  « 
2.8 X 10  ^A and f = 0.8/A. This gives a forming energy value of = 2.7 X 10*®/, which is 
consistent with previous reports.
For example, from the dynamic I-V curve of Figure 5.13 the current recorded at 
the forming instance is 2.8mA. This means that a voltage of approxim ately 2.8V 
was dropped across the IkQ  resistor. The voltage (V) through the device itself 
would therefore be approximately 14.2V. M ultiplying V  x I  x  t  gives an 
approximate value of the energy dissipated during the forming step, w hich in this 
case is approximately 3.2 x 10 ® /  This is consistent w ith  forming energy values 
recorded by previous authors on a-Si:H MSM and similar switching structures, 
w hich ranges from = 10 ® /  -  = 10 ’ /  (see for example [Hajto 92]). Figure 5.14 
shows forming energy values obtained from lOOnm thick a-Si:H devices 
bombarded at various doses but the only distinction used here is the forming 
voltage values and not the materials themselves.
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Figure 5.14; Forming energy against forming voltage across a-Si:H devices during 
forming. Forming energies of approx. 5 -  27n/ were obtained across forming 
voltages ranging from w 6V to »  13V.
This is done in  order to  investigate the consistency of form ing energy w ith  the 
varying forming voltages of the devices and as can be seen in  the  diagram a fairly 
consistent forming energy in  the  range of approximately 5 to  2 7 n / was obtained 
across several forming voltage values. The forming voltages have been corrected 
for the voltage drop across a lk^2 resistor and represent only the voltage drop 
across the devices.
However, though the forming energy spread was less than  one order of 
magnitude, the relationship betw een V, /a n d  t  in  the recorded form ing transients 
for these a-Si:H MSM structures was not very consistent. Figure 5.15 shows several 
current transients recorded from devices on a j[?-type a-Si:H sample, w ith  the 
devices having form ed at different voltages. The surface of the sample was doped 
/>-type by the im plantation of a 5x10^^ cm*  ^ dose of BF2 ions to m odify the  barrier 
and annealed at 250°C for 30 m inutes in  a nitrogen ambient. Since th e  im planted 
im purities are similarly activated, w e w ould expect to obtain consistency betw een 
devices of the same m aterial properties. However, as it can be seen in  Figure 5.15,
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the pulse durations for the different forming voltages w ere quite different and 
inconsistent w ith  the magnitude of the forming pulses. However, there appears to 
be some consistency betw een the IIV , 12V, 12.5V and 15V pulses w here the pulse 
duration decreases w ith  voltage but this is not conclusive.
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Figure 5.15:Comparison of forming transients obtained from devices on a single a- 
Si:H sample bombarded with BFz ions at a dose of 5 x 1 0 ^^ cm^ and annealed at 250° C 
for 30min.
The apparent inconsistency in the pulse durations w ith  voltages might imply 
therefore that even w ith  the ion bom bardm ent, some aspects of the forming 
process in these simple MSM structures are still very difficult to control and a lot 
still needs to be done to get good consistency in these devices in such a way that 
for example if we apply a specific forming voltage onto a device, we would expect 
it to form after the forming pulse has been applied for a specific duration of time. 
The only thing that seems very consistent at the m om ent especially in the ion- 
bombarded samples is the am ount of current that flows through the device before 
forming. This can be observed in Figure 5.15 especially along the dotted line to the 
left of the plots. The current levels rise consistently w ith  the increasing voltages. 
However, since the currents are on a m uch larger scale (3 orders of magnitude 
higher) than the pulse durations -  current levels are in the order of 10  ^w hile f is
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in the order of 10  ^-  consistency in /w o u ld  result in the fairly consistent forming 
energies discussed earlier. However, the need to control t  as w ell cannot be 
underrated.
5.6 Dynamic Forming Transients
5.6.1 Forming transients
Figure 5.16 shows examples of transients obtained during the forming of a />-doped 
a-SiCx:H device formed at 8V.
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Figure 5.16: Forming transients for a />-doped a-SiCx:H device. V f is a voltage pulse 
showing the voltage at which the device formed while (i), (ii) and (iii) are current 
transients showing the rise in current following stresses of increasing magnitude and 
showing also the abrupt increase in current during forming at point X.
The plots marked (i) to (iii) are the current transients from successive pulses of 
magnitude 6V, 7V and 8V respectively w hile the one marked V f is a voltage pulse 
denoting the 8V forming voltage and corresponding to current plot (iii). The 
voltage plots for the 6V and 7V signals preceding Vf (and corresponding to I plots 
(i) and (ii)) are om itted for clarity. It can be seen that as the voltage is increased, 
the current increases gradually from plot (i) to plot (iii). W hen Vf is applied, the 
current starts off at a low (OFF state) level (plot (iii) for approxim ately l//s of the
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pulse and then  at «1//S into the pulse (point X), there is a sharp increase in  the 
am ount of current flowing through the device, and this increases to the 
equipm ent’s current lim it of 13.6mA. The equipm ent set-up was such tha t IV  
corresponds to 1mA on the vertical scale hence each of the  big divisions on this 
scale represents 5V for voltage and 5mA for current. It is assumed th a t the device 
is form ed at point X.
5.6.2 Forming delay times
O ne major observation was tha t in  most of the devices (well over 80%), bo th  the 
form ing and the  ON-OFF-ON switching processes occur during the  pulse rather 
than  at the start or the end of the  pulse. Figure 5.16 gives a good example of this. It 
is acceptable therefore to conclude like previous authors [Hajto 92] tha t the 
forming process does not occur instantaneously w hen a voltage pulse is applied to 
the device. A delay tim e (tb) exists during w hich the device cu rren t remains 
essentially constant at the OFF-state value. The level of the cu rren t during this 
delay tim e is dependent upon the voltage applied across the device. However, after 
the appropriate delay time, w e assume tha t enough energy is supplied through the 
MSM structure and the device forms. The current th en  rises almost 
instantaneously to the high conductance level of the device’s ON state. In  our case, 
the  level to w hich the curren t could rise was lim ited to the 13.6mA lim it of the 
pulse stressing kit.
This forming delay tim e varied across devices both  in  the  doped and in  the 
bom barded samples, w ith  some devices forming almost im m ediately at the onset 
of the pulse and other devices forming close to or at the end of the  4jus pulses. 
Plots (a) and (b) in  Figure 5.17 show tw o devices forming at tw o different times of 
a 4jus pulse. Device (a) forms after approximately 0 . 8 / / S  at 8V w hile device (b) 
forms at approxim ately lAjUs at 7V.
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Figure 5.17: Transients for two devices forming at varying times during the application 
of the pulses. The device in (a) formed at approx. 0.8/A for an applied bias of 8V while 
that in (b) formed at approx. 2.4/A for a 7V pulse. Several times however, devices with 
same Vf had varying delay times showing the volatility of this phenomenon
Here the proportionality betw een V and t  is m aintained but it has to be m entioned 
that this was not the case all the time. In m any cases, devices of the same material, 
forming at the same voltage after an equal num ber of voltage ramps of equal 
magnitude formed at different times f of the 4 /a  pulses. From these experim ents it 
seems that time f i s  a significantly difficult param eter to control in these MSM 
devices and a lot of w ork still needs to be done.
5.6.3 F o rm in g  rise  an d  tim es
W e have looked at various transients w here the current flowing through the MSM 
structures increases instantaneously upon forming of the device. This happens 
w hen enough energy is supplied through the device by the application of a pulse 
stress of appropriate voltage, current and length. This is presum ed to create a 
highly conductive filament, w hich acts as the new  conduction channel between 
the two metal electrodes upon forming. However, the creation of the filament 
itself is another subject of investigation altogether. W e w anted to find out from 
the forming transients how this step occurs, w hether it is instantaneous in the 
form of a breakdow n or is it gradual w ith  a definite rise and fall time.
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Figure 5.18: Current transient during forming showing the rise time {sw itch in g  tim e) of 
the MSM memory devices. The material in this case was Si-bombarded a-Si:H though 
similar switching times were observed for the doped a-Si:H MSM devices as well. The 
switching time in this case is » 200ns.
Figure 5.18 shows a current transient obtained from one the Si-bombarded a-Si:H 
devices w ith  the data points highlighted. W e can see from the plot that w hen the 
current is rising, the rise is not vertically sharp as the case of a breakdow n would 
be but a few data points exist between the low -conductance OFF state at the 
bottom  and the high conductance ON state -  in this case the 13.6mA current limit 
of the stressing kit. A rise tim e (&) therefore exists for the OFF-ON transitions and 
this is indicated by the gap between the first two dotted red lines. The value of the 
rise tim e in this case is = 2 x 10  ^ s (200ns). Fall times (&) w ere also recorded and 
these w ere also observed to be in the range of 200ns thus ù ~ ù. Though an RC 
cancelling kit was included in the DC stressing kit (see Figure 3.4), a residual RC 
com ponent in the DC circuit could affect the switching times recorded.
5.7 Discussion
Forming is the initial step of “conditioning” as-deposited MSM devices for 
switching operations. It is believed that w ithout this step, m em ory switching
125
C hapters_______________ Forming in  MSM Structures________________________
w ould very rarely be observed in  these devices. It is believed tha t w hen  the 
stressing pulses are applied onto the top metal contact of the  MSM devices at 
increasing intervals, a point is reached w here sufficient energy is supplied through 
the device and a highly conductive filam ent is created across the device betw een 
the tw o metal electrodes and conduction now  occurs via this filament. Subsequent 
ON-OFF-ON switching operations (WRITE and ERASE operations in  m em ory 
applications) occur by the breaking and re-creating o f this filament. A  significant 
param eter in  these MSM devices is the forming voltage ( Vf) used in  creating the 
filament. The magnitude of this Vf seemed to be dependent on various factors, 
ranging from device properties to the characteristics of the form ing pulses.
As seen in  the varying thickness samples (Section 5.3), Vv increased almost 
proportionally w ith  increasing thickness implying the significance of the electric 
field across the device during forming. W e can confidently conclude therefore 
that Vf is directly proportional to the thickness of the sem iconductor film in  the 
MSM structures. Vf was also dependent on the length of the stressing pulse before 
forming. The longer the  pulses applied onto the top contact, the  low er the forming 
voltage. The proportionality betw een forming voltage and pulse length (time) 
could be explained in  term s of the energy (in joules) required to  form the  device. 
Assuming the  energy required for forming is constant, increasing either the 
voltage or the  tim e of the  pulse w ould im ply decreasing the other, assuming 
constant device thickness.
It is w orth  m entioning tha t the actual processes occurring w ith in  the device 
m aterial during forming still rem ain unclear. However, w ith  our assumption that 
the switching process is related to the presence of dangling bond defects, w e have 
em barked on several experiments to  investigate this. First w e have seen tha t Vf 
varies w ith  im plantation dose used for the  Si-bombarded devices. W e assume that 
the change in  device conductivity w ith  the  changing density of induced dangling
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bond defects affects the pow er supplied to the device during forming thus 
affecting Vk This is as seen in Figure 5.4. From this result, w e can therefore 
assume th a t by choosing the appropriate bom bardm ent dose and energy, one 
m ight be able to control the value of th a t a device will form  at though one has 
to consider the fields involved. The uniform ity of the forming voltages for the Si- 
bom barded devices may be attributed to the uniform ity of the defects induced by 
the bom bardm ent whose density and distribution may be controlled by 
controlling the ion dose and energy during the bom bardm ent. This uniform ity 
should translate into m uch more uniform  switching characteristics.
O ne other im portant characteristic observed in  the formed MSM devices w hether 
bom barded or doped was the ir ON-state resistance (7?o n ) .  It was established that 
the ability of a formed device (device in  ON-state) to sw itch dow n to the OFF 
state depended significantly on its conductivity in  the ON state. Devices w ith  ON- 
state resistances below = 5 0 0 ^  proved very hard to sw itch down, w hile devices 
above « 3ki2 switched dow n w ith  ease and at an almost 100% success rate. It was 
thus desirable to obtain relatively “high” ON-state resistances after form ing and as 
w e observed, dropping part of the forming voltage through an appropriate resistor 
connected in series during forming may be exploited to ensure the  devices do not 
form very strongly thus making it easier to switch them  down.
5.8 Conclusions
Forming voltage distribution has proved to be very uniform  in  the ion bombarded 
devices. This is presum ed to be a result of the uniform ity in  the  distribution and 
density o f the dangling bond defects introduced into the sem iconductor by means 
of ion bom bardm ent as opposed to gas-phase doping and current stressing. W hen 
gas-phase doping or current stressing is used, the quality of the  devices is affected 
by o ther param eters such as conditions in  the deposition chambers and quality of
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metal contacts at the two ends of the MSM devices. A significant dependence of 
forming voltage on pulse length has been observed from w liich a constant forming 
energy model could be derived. In this model, w e assume tha t a certain  am ount of 
energy has to be dissipated in  order for the devices to form. The longer the pulse 
used, the low er the form ing voltage w ill be. From the thickness samples especially 
w ith  positive biases, it is apparent tha t the electric field required for switching is 
independent of thickness. Besides uniform ity, ion bom bardm ent has been 
observed to reduce the forming voltages of both  the a-SiCx:H and a-Si:H devices, 
w hich  w ould be quite useful for device applications.
In the ion-bom barded devices like in the previous cases, form ing does no t occur 
instantaneously at the onset of the stressing pulse. A delay tim e exists w hich was 
observed to be som ewhat dependent on the m agnitude of the  stressing pulses. 
Very fast switching times {rise and fa ll times) in  the order of nanoseconds have 
been recorded. It is our belief tha t if one is able to control the  sw itching process at 
the forming stage, there is a m uch higher probability o f getting m ore uniform ity 
and reproducibility in  the actual switching processes. This is one of the main 
reasons that we have opted to use ion bom bardm ent in this w ork as opposed to in- 
situ  doping because more uniform  device properties can be achieved in  this 
manner. The uniform ity of forming characteristics in  the bom barded devices has 
been observed.
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6 Sw itching in MSM Structures
6.1 Introduction
Having examined the electrical and forming characteristics o f MSM devices of 
various material properties discussed above, i.e., barrier-controlled undoped 
unbom barded a-Si:H devices, doped a-SiCx:H devices and ion bom barded a- 
SiCx:H and a-Si:H devices, w e tu rn  our attention to the results obtained from 
switching experiments carried out on these devices. The sw itching experiments 
w ere carried out on devices tha t had already been formed using the process 
described above and w ere therefore already in  the high conductance ON state. 
Appropriate pulses are applied to the  top contacts of the devices to sw itch them  
back to the high resistance OFF state. W e saw tha t positive pulses w ere generally 
used for the forming of the devices to the ON state. For the sw itching down 
process, negative pulses w ere used w hile positive pulses w ere used to sw itch the 
devices ON again and the cycle repeated num erous times.
W e w ill look at the dependence of the switching characteristics on such properties 
of the switching pulses as the magnitude, polarity and length (time). W e w ill also 
look at a few other instabilities tha t have been linked to these MSM devices such 
as the  one reported by Shannon et. al. [Shannon 00]. In their work. Shannon et. al 
reported some />-doped devices tha t w ere found to exhibit sw itching (ON-OFF- 
ON) during routine I-V scans before the application of any form ing pulse. Since 
no forming pulses w ere used for the introduction of a conducting filam ent in this 
case, the  forming process is presum ed to have been due to electrostatic discharge 
or other such effects during fabrication, handling and/or during testing. The main 
challenge in  these MSM mem ory devices and w hich has been a challenge for 
m any years is to  obtain reproducible switching characteristics each tim e the 
device is sw itched ON or OFF. This has been complicated m ainly by the very
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simple nature o f these metal-a-Si:H-metal structures and also by the various 
param eters tha t affect the  fabrication of the devices such as th e  quality of the 
metal contacts, uneven deposition profiles, etc. W e hope tha t the  uniform ity 
observed in  the  forming characteristics of the ion bom barded MSM devices 
described in  the previous chapter w ill result in  m ore uniform  switching 
characteristics in  the  ion bom barded a-Si:H devices. W e w ill start by looking at 
the switching characteristics of barrier-controlled (undoped unbom barded) a- 
SiCx:H devices. W e will then  look at the  characteristics of the  bulk-controlled 
(both doped and ion bombarded) devices o f a-SiCx:H and a-Si:H followed by a 
discussion of possible mechanisms involved in the switching process. Dynamic 
transients of the switching dow n pulses are also presented.
6.2 Undoped Unbombarded devices
Figure 6.1 shows the  switching characteristics o f one of the devices on a lOOnm 
th ick  a-Si:H device. The I-V characteristic of the device before form ing (curve 
m arked “unstr.” In  the diagram) is clearly asymmetric thus underlin ing the barrier 
effect. Upon the application of a 9V positive pulse, the current th rough the device 
rises by several orders of m agnitude to the plot marked “+ 9V”. However, w hen  a 
+10V was applied, the device conductance decreased slightly before forming 
strongly w ith  a +11V pulse. The switching off pulses w ere applied from  a low o f -  
4V and as can be seen from the diagram, no change is observed w ith  the -4V . The 
device almost breaks dow n w ith  the application of a -5V  and w hen  -6V  was 
applied, the  device disintegrates in  the negative bias quadrants and the  device 
conductance decreases considerably.
A n I-V scan carried out straight after the  -6V  pulse shows a lot of noise in the 
characteristics. However, the device switched up again w ith  a +6V pulse.
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Figure 6.1: Switching characteristics of a lOOnm thick undoped unbombarded a-Si:H 
device.
Though some polarity dependence of the switching characteristics was observed in 
these as-deposited a-Si:H devices, they were also characterised by numerous 
instabilities such as completely switching ON and OFF by I-V scans of only +0.5V, 
device breakdowns during I-V scans w ere also common, as was switching betw een 
conductance states during I-V scans. Stability in these devices was therefore very 
poor. After a few such experiments on these devices w ith similar results, not much 
switching w ork was carried out on them.
6.3 Switching in bulk controlled devices
6.3.1 jD-doped a-SiCx:H
Figure 6.2 shows the I-V characteristics of a typical device being switched 
betw een various conductance levels in several transitions. Curve (i) shows the 
current density of the device (area = 4.23 x 10"* cm^) before pulse stressing. The 
device was then stressed w ith  a lOV, 2.5//S positive pulse to form it and as can be 
seen, no change in conductance is observed after this^ pulse and the device
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occupies the same level as that before the stressing. The lOV, 2 . 5 / / S  thus does not 
affect the conductance of the device. This was the case also for the 10.5V and 
10.75V, 2 . 5 / / S  positive pulses w hich all lie over curve (i). However, w hen an 1IV 
pulse of the same length (2.5/æ) was applied, a huge leap in the device 
conductance is observed and the device now  occupies curve (ii) marked by the 
pink crosses, w hich is about 4 orders of m agnitude above the initial unstressed 
position (and also above the levels after lOV, 10.5V and 10.75V pulses).
It is considered that a highly conductive filament is created and the device 
resistance has been reduced greatly. As is the tradition for switching down, pulses 
of smaller magnitude and opposite polarity to the forming pulse w ere required. 
The same case applied to our devices and as can be seen, a -7V , 2 . 5 / / S  pulse 
managed to switch the device down by about 2 orders of m agnitude to curve (iii). 
A further -8V  pulse of same length switched the device further dow n by about an 
order of magnitude to curve(iv).
1.E+01 1
1.E-01 = -7V
-8VS  1.E-03 1
u n s t r e s s e d  (including 10V, 
lO .SV and 1 0 .75 V p u lses )1.E-05 1
1.E-07
0.2 0.4 0.6- 0.6 -0.4 - 0.2 0Voltage, (V)
Figure 6.2: Figure showing how voltages lower than forming voltage were used for 
device operation after forming. Also shows some good polarity dependence, (i) shows 
the initial forming process with an IIV pulse. The device was switched down halfway 
with a -7V pulse (ii), and still further down with -8V (iii). +9V switched it back ON.
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A t the  application of a positive polarity pulse of magnitude 9V and length 2 . 5 / / S ,  
the device switches back to the ON state and the filament is strongly form ed again 
to occupy curve (v), w hich is the green curve below  curve (ii) after forming. It has 
to be m entioned though tha t this was no t the case for all the devices tested on this 
sample and the reproducibility of this pattern  was quite poor.
However, this response of the devices to polarity was observed in  quite a 
significant proportion of the devices and can be considered a general pattern  of the 
switching process for these doped devices i.e., positive pulses are used to switch 
the devices ON w hile negative pulses are used to switch the  devices back to the 
high resistance OFF state. But it has to be said tha t the real mechanisms behind 
this are yet to be fully understood. However, we believe tha t the reduction in  the 
m agnitude of the switching pulses as compared to the forming pulses is related to 
the form ation of the metallic inclusion during the forming process. This requires a 
great am ount of energy to create. However, once created, w hen  th e  devices are 
sw itched dow n and the filam ent is broken, a big part o f this inclusion remains.
This implies that less energy w ill be required to form the filam ent a second time 
and hence the reduction in  the m agnitude of subsequent sw itching pulses as 
com pared to the forming pulses. This has no t been experim entally verified in  this 
w ork and it is at the m om ent just a hypothesis. A type of instability was observed 
in  the ON-state I-V characteristics of a few devices in  these doped samples. This 
occurred at voltages in  excess of 0.5V during the I-V scans. It was observed tha t as 
the voltage was increased beyond 0.5V, a few devices shifted in  th e ir conductance 
states, sometimes by over tw o orders of magnitude. This is illustrated in  Figure 6.3 
w here three I-V scans (1 ,2  and 3) show this kind of behaviour. Though it was not 
very common, a considerable num ber of devices switched betw een I-V states in 
this m anner and this phenom enon could no t be ignored.
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Figure 6.3: Instabilities observed in the ON-state of the doped unbombarded a-SiCx:H 
devices.
Though the energies involved in these transitions are m uch smaller than the 
energies during forming and switching, we suggest that this kind of switching 
behaviour during I-V scans is related more to electronic effects in the 
semiconductor material rather than structural effects and might have som ething to 
do w ith  the distribution and transfer of trapped charge in the semiconductor 
during the adm inistration of the 1-V pulses. This would be m ore supported by the 
trapped space charge model for switching described in Section 2.3.5.2, w hich 
could also be more suitable in explaining the analog type of switching observed in 
the doped devices. This could also be related to switching betw een different 
conductance levels in a defect band. However, this is som ewhat inconclusive and 
unverified at the moment.
Recovering the unstressed position
It was possible in a num ber of devices to switch them  back to the ir original 
unstressed position. Figure 6.4 shows a device that was switched back to its 
original unstressed position after forming w ith  a +12V pulse, w hich is not shown
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in  this figure. Curve 1 represents the unstressed position of the device before 
forming. In this case, like in several other cases, some devices failed to respond 
consistently w ith  polarity changes, i.e., positive pulses for switching ON and 
negative pulses for switching OFF. Hence, it is not a surprise to find a device 
switching down w ith  a positive (+7V) pulse -  curve 4. The device was switched 
several times betw een the OFF and the ON states and the two o ther plots shown, 
i.e., -8V  (curve 2) and -9V  (curve 3) are those preceding the +7V pulse and are not 
the forming pulses. Though both the unstressed and the +7V pulses occupy more 
or less the same conductance state, one noticeable observation is the increased 
sym m etry of the I-V curve after switching dow n (curve 4).
1.E+01 ^
1.E-01
<
5  1.E-03 dI
1.E-05 1
1.E-07
(3)
(1 )
(2)
unstr
-8V
(3) -9V
(4) +7V
-0.6 -0.4 -0.2 0 0.2V oltage, (V) 0.4 0.6
Figure 6.4: Figure showing the possibility of switching a device (/>doped a-SiCx:H in this 
case) back to its original pre-stressing position. Curve 1 is the current level of the device 
before stressing while curve 4 shows the new level after the device was switched down 
with a +7V pulse.
This is consistent w ith  the theory of activated defects w here the /?-type doping 
results in a slight asymm etry of the I-V curves due to the different response of the 
im purities to positive and negative polarity signals. After sw itching down 
however, it looks like the current is now  conducted in a different type of 
mechanism compared to that before forming. Conduction now  seems to be more
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symmetrical for both polarities, w hich might imply that w hen the device is 
switched down, the material rearrangem ent that occurs during the breaking down 
of the conduction filament does not return  the device material to its exact original 
pre forming nature but some modification occurs resulting in a slightly different 
conduction mechanism as compared to that of the material before forming w here 
the device is controlled more or less by the bulk of defects in  the semiconductor.
6.3.2 /7-doped a-SiCx:H
It was very difficult to obtain consistent switching characteristics from devices in 
this sample. None of the formed devices was successfully switched dow n even 
after numerous tests and hence it could not be established w hether they  are analog 
or digital devices and their pulse polarity dependence could also not be 
established. Both positive and negative pulses w ere used in both  the forming and 
switching pulses and no definite switching pattern could be established. It is still 
unclear to us w hy this was the case.
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Figure 6.5: OFF - ON switching observed in an unformed /j-doped a-SiCx:H device 
during a routine I-V scan.
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However, a few interesting behaviours w ere observed in  this n-doped a-SiCx:H 
sample and are illustrated in  Figures 6.5 and 6.6. In  Figure 6.5, a unique 
characteristic is observed w here the device forms and the cu rren t increases by a 
few orders of m agnitude m erely using an I-V scan. During the  I-V  scan, the 
characteristic starts at a low current (= 1 x 10'^ A) as w ould be expected for an n- 
doped a-SiCx:H device in  the OFF state. However, as the voltage is increased to 
beyond 2V, the conductance of the device jumps about 4 orders of m agnitude and 
the device is assumed to  be in the  ON state at this point. The device remains at 
this level for the rest of the positive polarity scan and only tries to  sw itch down 
during the negative I-V scan bu t does no t sw itch dow n significantly.
A nother type of behaviour observed is w here a device switched across a complete 
loop of high-low -high current also during a routine I-V scan w ithou t any pulse 
stressing. The I-V characteristic obtained is given in  the deep blue plot (1* I-V) of 
Figure 6.6 and is better seen in  the slightly amplified plot inserted in  the  top right- 
hand corner. It is evidently seen tha t the device started off at a relatively high 
conductance state in the upw ard positive I-V scan and th en  sw itched dow n to a 
low er level during the dow nw ard positive quarter of the I-V scan. It rem ained at 
this level through the upw ard negative I-V scan and switched back to the initial 
“higher conductance” level at approximately -0.5V. Though the sw itching was 
across less than  one order of m agnitude of the current, the  high-low -high 
transition in  the positive and negative quadrants is clearly observed.
The black plot m arked unstressed was obtained from another device on the same 
sample and is not from the device in  question. O nly the three o ther plots I-V, 
2nd j_y  3rd are from this device and from the difference in  current levels 
betw een these and the unstressed device, it is assumed tha t the device in  this case 
had form ed w ithout any pulse stressing.
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Figure 6.6: Loop-switching in /7-doped a-SiCx:H. The unstressed curve is obtained from 
another device and is not from the same device as the other three plots. The loss of the 
loop-switching behaviour is observed in the plots of subsequent I-V scans (2"^  and 3"* I- 
V’s).
This could have happened as a result of charge release during fabrication or during 
handling and testing. The immediate I-V scan (2"^  I-V) shows the loss of this loop- 
switching behaviour especially in the negative half while a further scan (3""^  I-V) 
takes the device to a completely new  level, more than an order higher than the 
second I-V. This type of instability, added to the one explained above and the fact 
that none of the formed devices successfully switched down, all added up to make 
it increasingly difficult to obtain any meaningful switching behaviour from these 
77-doped devices and it was concluded that they were unsuitable for observation of 
m emory switching and hence no further w ork was carried out on them. This is 
consistent w ith  previous reports w here no significant switching behaviour has 
been observed in n-doped devices of a-Si:H alloys.
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6.3.3 Ion-damaged a-SiCx:H
W hen it came to the ion bombarded (ion-damaged) a-SiCx;H devices, a 
com pletely different type of switching mechanism is observed as com pared to the 
in-situ  doped devices. W e saw earlier that the doped devices (mainly / 7-type) could 
occupy almost any level of conductance betw een the high resistance OFF state and 
the high conductance ON state in an analog type of switching, following the 
application of appropriate pulses. However, the ion-damaged devices exhibited a 
different pattern of switching. Figure 6.7 shows the characteristics of a typical 
switching device from this ion-damaged sample. In this case, the device was 
switched through num erous ON-OFF-ON cycles and after a considerable num ber 
of such cycles, the device was observed to occupy two main “very distinct” levels 
separated by a clear unoccupied gap. W e labelled the tw o separate states as OFF 
states and ON states and these are show n in the diagram. A lthough the spread 
among the two levels considered as the “high” ON-state and the “low ” OFF-state 
levels was sometimes of the order of 2, there was a “clear” region of >3 orders of 
m agnitude (and sometimes up to five orders), along w hich no device was found to 
occupy a level. W e refer to this as digital switching.
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Figure 6.7: “Digital switching” observed in Si-bombarded a-SiCx:H.
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It is difficult to explain this observed digital behaviour in the ion damaged a- 
SiCx:H devices considering that their structure was similar to that o f the doped 
devices, i.e., Cr/aSiCx:H/Ni and the top metal contact used was Ni for both cases. It 
can be rem em bered from the Literature Review Chapter that N i-topped devices 
have been proven to exhibit analog switching and not digital switching. It is 
therefore unclear w hether this behaviour is related to the damage caused by the 
ion bom bardm ent but our guess is that it probably is and that digital switching is 
related more to structural changes in the semiconductor m aterial rather than 
electronic effects, w hich might be the case for the doped devices. W e will refer to 
this kind of switching in the ion bombarded a-SiCx:H devices as digital switching 
but on the other hand, this could also be a case of enhanced stability of the 
switching characteristics following the ion bombardm ent. This w ill be discussed in 
more details in the discussion section at the end of this chapter.
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Figure 6.8: Lack of level-hopping in the ON state of ion bombarded a-SiCx:H during 
successive I-V scans and scans over different time periods after forming.
Unlike in the doped devices considered in Section 6.3.1 w here devices hopped 
through different conductance states by repeated I-V scans, there was very little 
change in the stability of the ion bombarded devices subjected to successive I-V 
scans. No devices w ere observed to switch directly from one state to another
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during an I-V scan except for the case of one device, w hich is discussed shortly. To 
confirm  this stability in  the ON state, I-V scans were taken in  various intervals 
after forming ranging from a few seconds to a few days. Figure 6.8 shows the 
results obtained. Though there was no systematic dependence o f the shift in  the 
characteristics w ith  time, one noticeable result is tha t the shifts in  the  I-V levels 
w ere restricted to the  region tha t w ould be term ed as ON state. This w ould imply 
tha t though there w ere m inim al shifts in  the actual positions of the I-V 
characteristics w ith in  the  ON state w ith  time, the ON state was very stable and 
repeated I-V s could not sw itch the devices ON or OFF.
It was assumed tha t the scans could only move the device through the 
conductance levels of either the ON-state or the  OFF-state but could not sw itch a 
device from ON to OFF or OFF to ON. W e attribute this stability in  the ON state 
to the uniform ity o f the defects introduced by ion bom bardm ent w here their 
distribution and density can be more accurately controlled by  varying the 
im plantation param eters as opposed to  in-situ  doping w here factors w ith in  the 
deposition chambers cannot be accurately controlled and hence the density and 
distribution of the  im purities introduced would be m uch less uniform .
In  term s of polarity and pulse m agnitude dependence of the sw itching behaviour, 
the devices on the ion bombarded a-SiCx:H samples w ere observed to  respond to 
both  in  a m anner almost similar to tha t of the  doped devices. However, the ion- 
bom barded devices showed a case of enhanced stability and very  good magnitude 
dependence. Figure 6.9 shows an example of this. In this diagram, the  device was 
form ed at +12V and both  the unstressed and the forming pulse scans are shown 
w ith  cross marks. The device was then  switched down at -lO V  after w hich  only 
the polarity was altered w hile holding the magnitude constant. It can be seen that 
the device did not respond to the  first five pulses of alternating polarities and it is 
only w hen  a +12V pulse was applied tha t the device switched ON again. It was
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switched down again at -lO V  and the process repeated and the device did not 
respond. Application of equal magnitude pulses but different polarities only 
shifted the current levels through one or two orders but not significantly high 
enough to switch the device ON or OFF. This stability, com pared to the case of 
doped devices discussed in Section 6.3.1 above w here the doped devices w ere 
observed to change even w ith  mere I-V scans may also go to support the theory 
that digital switching behaviour in the a-SiCx:H devices is probably related more 
to structural changes in the material w here different am ounts of energy are 
required for switching the device ON or OFF (i.e., to create the filam ent and to 
break it again) rather than to electronic effects w hich might explain the numerous 
changes observed in the doped devices.
One clearly noticeable observation in the bombarded devices is the enhanced 
switching ratio betw een the OFF states and the ON states. It can be remem bered 
that in  the doped devices, this ratio was in the order of approxim ately 3 - 4  orders 
of magnitude. In this case however, greater than 5 orders of m agnitude were 
observed.
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Figure 6.9: Pulse magnitude dependence of the switching process in the ion- 
bombarded a-SiCx:H devices where the device responded very well to changes in the 
magnitude of the stressing pulses.
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The high switching ratio was enhanced by the fact tha t during the forming 
process, the  off-current of most devices was observed to reduce by less than  an 
order of m agnitude after the onset of pulse application i.e., after the  application of 
the  first high voltage (> 5V) forming pulse. The current stays at this low  position 
un til the  device forms. This new  level was observed to be the  new  OFF state in 
subsequent switching operations and switched dow n devices reverted to states 
close to the  new  level rather than  the  original level before pulse stressing. This 
could be linked to some sort o f partial annealing of the defects introduced by the 
bom bardm ent, probably during the pow er dissipation arising from  the  application 
o f the  forming pulses. This can be seen from the plots of Figures 6.7 to 6.9 
especially in  Figure 6.9 w here the off current decreased by alm ost an order of 
m agnitude during application of the forming pulses. This behaviour m eant that 
h igh switching ratios w ere very viable in  these ion-dam aged devices, a character 
greatly desirable especially for digital mem ory applications.
As m entioned above, the ON state in  the ion-damaged devices was very  stable and 
I-V scans w ere seen no t to change the  m em ory status (ON or OFF) o f the devices 
by moving the characteristics betw een different conductance states. However, 
loop switching was observed in  one of the devices during forming. The 
characteristics o f the device are show n in  Figure 6.10. This sw itching is different 
from  tha t observed in  the doped devices in  tha t in this case, the  switching was 
observed during forming after tw o pulses had already been applied unlike in the 
previous case w here the switching was observed in  the absence of any forming 
pulses and the device seemed to be in  the ON state already.
It can be seen from this figure (Figure 6.10) tha t in  this case the device was first 
subjected to  a 9V positive pulse (pulse length = 4/ æ), w hich  did no t significantly 
change the conductance of the device. Upon application of a lOV positive pulse, 
the  device switches halfway through the “forbidden gap” bu t switches fully to the
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ON state (close to two orders of magnitude higher) during the upw ard positive I-V 
intake. It stays at this ON state during both the dow nward positive I-V scan and 
the upw ard negative scan as well.
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10V (VF) 
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0 Voltage, (V) 0.3- 0.6 -0.3 0.6
Figure 6.10: Switching across a complete LOW-HIGH-LOW loop in an ion 
bombarded a-SiCx:H device. This happened when the device was subjected to a +10V 
forming pulse and it seems that the device was trying to form.
During the downward negative scan, the device switches back to the same 
position it was in at the start of the upw ard positive scan. But similar to the case in 
the doped devices, this behaviour was lost during successive I-V scans (green and 
red plots) and the ON state was more firmly established after the th ird  I-V scan as 
can be seen in the red plot at the top of Figure 6.10. This loop switching behaviour 
could also be another case of stored charge in the sem iconductor m aterial but the 
ON state was seen to be m uch more stable than that of the doped devices.
6.3.4 Ion-damaged a-Si:H
Due to the very low ON state resistances obtained from the Cr/a-Si:H/Cr ion 
bombarded devices, not m uch w ork was done on the switching characteristics in 
these devices. However, this section looks at some of the results that were 
obtained from devices that exhibited high ON state resistances, mainly those
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formed using a lkI2 resistor connected in series as described in the chapter above.
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Figure 6.11: “Analog” type of switching observed in a typical Si-bombarded a-Si:H 
MSM device.
Figure 6.11 shows switching characteristics of a lOOnm thick Si-bombarded a-Si:H 
device. The device formed after a positive 1IV pulse to the ON state (transition 
m arked 1). O n the application of a -8V  pulse, the devices switches dow n halfway 
to the level marked by the green plot (transition 2). W e see that w hen  a positive 
9V is applied, the device switches upwards but does not climb very high up. This 
polarity dependence is similar to that observed in both the doped and ion 
bombarded a-SiCx:H devices discussed above w here positive polarities are used for 
switching the devices ON w hile negative pulses are used to sw itch the devices 
OFF. However we see that as the -8V  is applied again, the device does not 
respond. This was repeated also in the device of Figure 6.12 w here the device was 
formed using a +9V pulse. Application of -4V  and -5V  does not alter the device 
and the device does not respond. However, w hen a -6V  pulse is applied, the 
device switches dow n approximately three orders of m agnitude lower than the 
unstressed position. This level is very close to the level of the unbom barded 
undoped reference. It seems like a big change occurred in  the device during
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switching off and probably the material rearrangem ent resulted in the creation of 
a very bigb resistance material across the device.
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+6V
1.E-11 +7V
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- 0.8 -0.4 0.80 0.4
Voltage, (V)
Figure 6.12: A few devices were found on the high dose samples of the bombarded a- 
Si:H that switched down a few orders of magnitude lower than unstressed, obtaining 
approximately 8 orders of magnitude in switching ratio.
Application of a +6V pulse does not significantly alter the device conductance but 
w hen a +7V pulse is applied, the device reverts back to the bigb conductance ON 
state. These ion bombarded a-Si:H devices, unlike tbeir bom barded a-SiCx;H 
counterparts exhibited more of analog switching rather than digital switching as 
seen especially in Figure 6.11.
6.3.5 Annealing of defects
One main advantage of defects introduced by ion bom bardm ent as compared to 
those introduced by doping is that part of the defects introduced by bom bardm ent 
into the material can be annealed out at appropriate temperatures, resulting in an 
OFF state that is m uch lower than that just after the bom bardm ent. It is know n 
[Swaaij 97] that probably not all the defects introduced by bom bardm ent may be 
removed by annealing. The extent to w hich they are rem oved is strongly
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dependent on the dose used and it is less effective for higher im plantation doses. It 
is expected tha t part o f the defects w ould anneal out at tem peratures of about 
240°C for a-Si:H and ~ 160°C for a-SiCx:H, thus pushing the OFF state further 
towards the  unbom barded undoped reference sample. The advantage of this is that 
a m uch higher switching ratio w ould be achieved. This has been done in  this w ork 
and the  results from a typical device are show n in Figure 6.13. In  this figure, curve 
1 represents the I-V characteristic o f a freshly made, unbom barded undoped 
device w ith  no deliberate defects introduced.
The asym m etry betw een the positive and the negative I-V quadrants is very 
evident, confirm ing the assumption tha t before defect introduction, these MSM 
devices are predom inantly barrier controlled. After ion bom bardm ent w ith  a dose 
of 2xl0^^cm‘^  Si^ ® ions at 40keV, the current through the  device increases as a 
result of the increased defect density (curve 2) and the device becomes more bulk 
controlled as can be seen in  the more symmetrical I-V characteristics. The increase 
in  curren t w ith  ion bom bardm ent also goes to show tha t ion bom bardm ent 
produces an almost similar effect to the previous process of doping w here current 
increases w ith  increase in  the density of impurities.
The device in  this case is form ed to the ON state using a 12V, 2 . 5 / / S  pulse applied 
onto the top nickel contact and an I-V m easurem ent taken im m ediately (curve 3). 
Once formed, it was then  annealed at 160°C for 30 m inutes and the ON-state 
characteristics remeasured (curve 4) and found to be similar to curve 3. The device 
is then  sw itched dow n w ith  a -7V , 2 . 5 / / S  pulse to the level o f curve 5  and as can be 
seen, it occupies a state interm ediate betw een the initial OFF state before pulse 
stressing for form ing and the unbom barded undoped reference device.
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Figure 6.13: Characteristics of a Si-bombarded device that was formed from its original 
unstressed position (curve 2) to the ON state (curve 3) and then annealed at 160°C for 
30min. Another I-V was taken (curve 4) to confirm that ON state was still intact. The 
device was then switched down at -7V and it occupied a level (curve 5) lower than 
curve 2 but slightly higher than that of an unbombarded undoped device (curve 1).
It was concluded that part of the defects introduced by the bom bardm ent process 
w ere removed by the annealing, but the proportion of this recovery could not be 
established. However, the value of the switching ratio obtained was increased by 
almost an order of m agnitude to approximately 10  ^ or 10 .^ The new  OFF state 
obtained after annealing became the OFF state for subsequent switching 
operations implying that the recovery of the switching ratio was “perm anent”. The 
lack of change in  the ON state characteristics w ith  annealing implied that the 
annealing process does not affect the ON state. This could in tu rn  imply that the 
ON state is associated more w ith  structural changes rather than  electronic changes 
as the former would require m uch higher tem peratures to change but at the 
m om ent, this would just be a speculation.
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6.4 Dynamic Switching Transients
6.4.1 S w itch ing  dow n pu lses
Just like in  the forming process, switching down of the devices and subsequent 
ON-OFF-ON switching operations did not occur at exactly the same tim e during 
the application of the switching pulses. Some devices switched at the onset of the 
pulses w hile some switched at the end of the pulse. Figure 6.14 (a) to (d) shows 
four different devices forming at different pulse times.
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Figure 6.14: ON to OFF switching transients for two different devices [(a) and (b)] 
switched down using negative pulses and two [(c) and (d)] for the few rare cases when 
positive pulse were used to switch the devices down. The varying waiting times are 
evident.
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Figures (a) and (b) are for switching dow n w ith  negative pulses w hile Figures (c) 
and (d) w ere obtained from  a few cases w here positive pulses w ere used to switch 
the devices down. It has to be stressed how ever tha t almost all the  sw itching dow n 
operations w ere carried out using negative pulses and the tw o show n above for 
positive pulses (i.e., (c) and (d)) are for comparison purposes and to show that the 
general behaviour of having a variable w aiting tim e before sw itching occurs is the 
same for both  polarities. Devices (a) and (d) in  this figure had a T d of about 2//s, 
device (c) had a T d of about 500ns w hile device (b) switched dow n almost at the 
onset of the pulse at approxim ately 200ns.
Though it w ould be very tem pting to conclude from a few devices tha t T d in  both 
the form ing and sw itch dow n processes strongly depended on the  m agnitude of 
the pulses, this was inconsistent in  a good num ber of devices w here a strong 
dependence was not observed. A few o ther factors may need to be considered. 
One factor is the thickness of the conducting filament, w hich  m ight be different 
for each device depending on the forming parameters. D ifferent energies might 
therefore be needed to break these filaments. It m ight therefore be more 
appropriate to assume tha t T d is specific to individual devices depending on these 
param eters and is only dependent on m agnitude of the pulse w hen  all other 
param eters are constant. During forming, % m ight be dependent on local film 
thickness.
6.4.2 Multiple switching during pulsing
M ultiple forming, a case w here the device forms several times during a single 
pulse application was observed in  one of the />-doped a-SiGx:H devices. The device 
switched from high conductance back to low conductance and forth  several times 
w ith in  one forming pulse. The oscilloscope signal from this device is show n in  
Figure 6.15.
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Figure 6.15: A multiple forming signal obtained during the forming of a doped a- 
SiCx:H device.
This device seems to have formed three times during the pulse and finally ended 
up at a low-conductance state. Further experiments w ere carried out w ith  longer 
pulses -  >10/6 -  in order to investigate if this repetitive switching behaviour could 
be observed through numerous cycles if the pulse was made longer. However, this 
multiple switching behaviour was not observed in any o ther device, sample or 
material. Such behaviours and phenom ena w hen observed are quite interesting 
but they are similarly also very difficult to explain. But some of them  go to show 
that there are still a lot of unknow n properties or attributes of these simple MSM 
devices that have not been understood as yet and w hich if thoroughly investigated 
and explained could have a lot of implications and applications. However, some of 
them  might be just w hat they seem to be, one-off instabilities. In this case, we 
presume that this behaviour could be connected to some instability related to the 
analog switching behaviour and/or the ON state instabilities reported earlier in the 
doped devices in w hich it was observed.
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6.5 Discussion
It is no t yet clear w hat processes take place during or are responsible for the 
reversible m em ory switching observed in  these m etal-sem iconductor-m etal a-Si:H 
devices. This has been a research topic for a few decades now  and it is still on 
going. However, various suggestions and models have been proposed to explain 
this and w e saw a few of them  in  the Literature Review chapter. These have been 
broadly divided into structural and electronic effects, w ith  each having its ow n 
merits and demerits.
It is not clear w hether the digital switching in  the ion bom barded a-SiCx:H 
devices is actually digital in  nature or it could be in terpreted  as im proved stability 
of the switching process in  these devices. There might not be a good explanation 
as to w hy these devices w ould exhibit digital switching w hile their ion- 
bombarded counterparts in  basic a-Si:H exhibit analog switching. The only 
explanation could be one linked to the presence of carbon in  the a-SiCx:H and 
since no such explanation is feasible, w e might therefore conclude th a t the digital 
nature o f the bom barded a-SiCx:H devices is actually enhanced stability w hich 
could be derived from the enhanced uniform ity of the electronic states in  the 
material as a result o f the bom bardm ent. The lack of this stability in  the ion 
bom barded a-Si:H devices discussed above could be related to  the  low  ON state 
resistances obtained from these devices resulting in  very strong filaments being 
form ed during forming. The ON state resistance could therefore have a big role in 
the sw itching process.
One big advantage of using ion bom bardm ent in  these devices is the  ability to 
recover the saturation current fo by partial annealing of the devices. The devices 
w ere annealed after forming and as seen above, once the devices w ere switched 
off, they  occupied a level below  the OFF state before forming bu t above the level 
of the  undoped unbom barded reference samples. This led us to the conclusion that
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part of the defects introduced by the  ion bom bardm ent of the  a-SiCx:H films had 
been annealed out. The extent to w hich the induced defects can be annealed out is 
dependent on the im plantation dose and energy used as this determ ines the 
am ount of disorder introduced into the material and the strength  of the 
sem iconductor’s band tails. Recovery of part of the defects has resulted in 
increased switching ratios (> 6 orders of magnitude) as opposed to approxim ately 4 
orders of m agnitude for the doped devices.
6.6 Conclusions
In  this chapter, we have seen the various characteristics obtained from MSM 
devices of various device material properties. Switching was observed in  the as- 
deposited MSM devices, w hich  we saw from Chapter 4 to be barrier controlled. 
However, this switching proved to be quite random  and difficult to control and it 
did no t seem to follow any particular pattern. For the doped devices, a good 
dependence of the  switching process on the polarity and m agnitude of the pulses 
was observed. This was observed to follow the general pattern  of using positive 
pulses for forming and switching the  devices ON and negative pulses for switching 
the  devices OFF.
However, a few instabilities w ere observed especially in  the ON state w here the 
devices w ere observed to sw itch betw een levels of conductance w ith  mere I-V 
scans. But it has been possible to sw itch the devices dow n to the ir original 
unstressed levels using appropriate pulses. The new  OFF state exhibited increased 
sym m etry in  the  electrical characteristics as seen above. This could be linked to  
material rearrangem ents in  the filam ent region during sw itch off. For the  Si- 
bom barded a-SiCx:H devices, good stability in the ON state is observed. The 
devices rem ained stable even after being subjected to num erous I-V scans. W e 
have also seen tha t high switching ratios are very feasible and have been obtained
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in  the ion bombarded devices w ith  even greater switching ratios being obtained 
following partial annealing of the form ed devices. In accordance w ith  previous 
reports, voltages lower than  the forming voltage w ere used to  sw itch the devices 
ON and OFF after forming.
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1  Conclusions
W e have seen that as-deposited MSM devices of a-Si:H and its alloys exhibit barrier- 
controlled conduction, w ith asymmetric characteristics due to the differences in the 
barrier heights at the metal contacts. Current transport is limited by one of the barriers, 
whichever is reverse biased. It is a well known fact that memory switching in these 
devices is characterised by numerous instabilities and is difficult to control. Various 
methods are described w hich modify current transport in these devices in an attempt to 
achieve better uniformity and stability. Gas phase doping and current stressing have 
been used before to modify the conduction mechanisms in the MSM devices by 
introducing defect states w ithin the semiconductor. A novel tool of introducing these 
defects is described here. Ion bombardment of a-Si:H and its alloys w ith  chemically 
inactive Si ions induces a significant amount of dangling bond defects into the 
semiconductor.
Doping adds compensating silicon dangling bond defects while current stressing relies 
mainly on electron-hole recombination energy to break weak Si-H bonds w hich in  
tu rn  break weak Si-Si bonds following hydrogen desorption. The presence of 
deliberately introduced defects in the MSM devices increases the current flowing 
through them  as charge carriers can now hop along the defect states. W e have seen that 
the form of conduction in these devices is mainly by Poole-Frenkel type of conduction 
w ith reasonable values of relative permittivity being obtained from the slopes of ln|J| 
vs. plots for both doped and ion bombarded devices.
In the forming stage, very uniform forming and switching characteristics have been 
observed in the ion bombarded devices. A correlation has also been found between the 
implantation dose and the forming voltage (Vf) for the bombarded devices. Forming
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voltage has been seen to reduce w ith  increasing defect density. Under appropriate 
conditions, one might therefore be able to optimise the forming voltages of the devices 
by optimising the bombardment conditions. From the varying thickness samples, not 
only was the current observed to scale very well w ith the square root of the electric 
field in agreement w ith  P-F conduction, the forming voltages w ere also observed 
to scale very well w ith  thickness, provided the energy used for the implants was such 
that the induced damage is located almost similarly at the centre of the semiconductor 
films for all the devices. From electric field calculations in the samples w ith varying 
thickness, we saw that forming using positive pulses appeared to be different from 
forming using negative pulses in terms of their field dependence.
In the positive direction, forming appeared to be dependent only on current through 
the devices since the forming electric field (Æ) was almost equal among the different 
thicknesses. In the negative direction, Ev was observed to be strongly dependent on 
thickness w ith  higher fields being required for the thicker samples. This might suggest 
that power is more im portant for forming w ith  negative pulses and not just the current 
flowing through the devices. There was also reduced uniformity in the bombarded 
devices in the negative direction. From the comparison of forming voltage magnitudes 
w ith  the lengths of the forming pulses, a constant forming energy model may be 
deduced. It was observed that the longer the forming pulses used, the lower is the 
forming voltage. Most importantly, all the devices tested for forming energy formed at 
energies of approximately 5 -  2 0 n / w hich is quite consistent.
Doped devices have shown an analog type of switching pattern, w here the increase in 
device conductivity following pulse stressing is gradual and not abrupt. This is as 
expected for nickel topped devices according to Hajto e t al. [Hajto 1992]. However, in 
the ion bombarded devices, a switching pattern akin to digital switching is observed for
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the same semiconductor material (a-SiGx:H) and top metal contact (Ni). Due to the 
similarity of the device structure, we would like to argue this switching pattern as 
enhanced stability following ion bombardment. This is supported also by the enhanced 
stability in the ON state of the bombarded devices where the devices remained stable 
even after long durations of time and were not observed to switch between 
conductance states during I-V scans as was the case for the doped devices. One major 
advantage of using ion bombarded devices and w hich has been observed in this work is 
that some of the induced defects can be annealed out at temperatures above the 
equilibration temperatures.
This is done after forming the devices and it results in lower off currents as a result of 
the reduction in the defect density following the annealing. The amount of 
bombardment damage that can be recovered is strongly dependent on the implantation 
dose used. However, the reduced off current in the annealed bombarded switching 
devices results in increased switching ratios w hen compared to the doped devices. 
W ith  bombardment, switching ratios > 6 orders of magnitude have been obtained as 
compared to = 3 -  4 orders of magnitude in the doped devices. Leakage currents are 
therefore considerably suppressed. Silicon carbide appears to give higher switching 
ratios w hen compared to a-Si:H. This is because the Schottky barriers that determine 
the off current are much higher for a-SiCx:H than they are for a-Si:H. It seems that 
carbon pins the barrier at a high level resulting in the lower off currents.
Also, defect centres in silicon carbide anneal out at a much lower temperature than in 
a-Si:H (160°C vs. 240°G), w hich makes it easier to obtain higher OFF to ON switching 
ratios. Silicon-rich a-SiCx:H has also been observed to switch w ith  much more ease 
w hen compared to basic a-Si:H. It appears that hydrogenated amorphous silicon 
carbide possesses unique switching properties that should be exploited further.
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Changing the barrier heights of the injecting Schottky barrier contact in these devices 
by implanting shallow impurities followed by annealing showed no significant change 
in the forming voltage w ith  changes in the effective barrier heights to either electrons 
or holes. This appears to imply that forming voltage might not be dependent simply on 
the magnitude of the electron current but that the magnitude of the minority hole 
current might also be important. This could indicate the importance of electron-hole 
recombination and the release of energy in  the bulk of the material.
Finally, defects introduced by ion bombardment seem to be similar to those introduced 
by previous methods, namely, doping and current stressing. However, the latter two 
are subjected to numerous external factors that might affect the quality, uniformity and 
reproducibility of the devices created. For current stressing, the quality of the metallic 
contacts will easily affect the quality of the barriers at the edges of the  devices and 
consequently the injection of carriers necessary for the creation of defects w ithin the 
material via electron hole recombination. The quality of the contacts is therefore 
crucial and it is well known that it is not always easy to create quality metallic contacts 
to semiconductors, especially a-Si:H. Gas phase doping of MSM devices for switching 
applications will also be greatly affected by conditions w ithin the deposition chamber.
This affects the uniformity and the distribution profiles of the states introduced into 
the material, w hich in  tu rn  affect the uniform ity of the switching characteristics 
observed. Ion bombardment on the other hand presents a novel means of defect 
introduction into these simple MSM switching structures that is more uniform, and 
reproducible. In particular, defects w ill pin Schottky barriers at a well defined level, 
control the m inority carrier lifetime and Poole-Frenkel conduction, all of w hich are 
instrum ental in determining how the current flows and the energy is dissipated in an 
MSM structure. Distribution profiles and the density of induced defects can be
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controlled w ith much more ease in ion bombardment by selecting appropriate 
implantation parameters such as dose and energy w hen compared to current stressing 
and doping. More uniform devices are therefore expected following ion bombardment 
and this should relate to more uniform forming and switching characteristics. This 
uniformity has been observed.
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8 Future Work
There is need to look into ways of controlling the  am ount of energy dissipated on 
forming so as to increase the  ON-state resistance. This is because, w hen  devices 
form, for example at the  onset of a forming pulse, a lot of current still flows 
through them  during the rem aining length of the pulse and hence a lot of pow er is 
still dissipated through the  devices. Controlling the energy dissipation at and after 
the forming instance might help raise the obtained resistances in  the ON state that 
are high enough to allow easy switching dow n of the devices. D ifferent top metal 
contacts should also be experim ented in  the  ion bom bardm ent to establish 
w hether the uniform ity tha t has been obtained w ith  chrom ium  and nickel can be 
reproduced for other materials. Hydrogenated amorphous silicon carbide has 
show n some unusual effects, w hich  could be examined and exploited further. A- 
SiCx:H has been observed to sw itch w ith  great ease as depicted by such 
characteristics as very low switching voltages, spontaneous forming (even w ith  no 
pulses applied), high switching ratios >10* etc and hence it should be explored 
further.
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